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Abstract
In the last century, semiconductor research has led to significant changes in the fields of
communication, medicine, the environment and many others. Semiconductor devices
provide a relatively simple and effective way to convert electrical energy to light and vice
versa. Devices based on semiconductor materials of various kinds provide interaction of an
electromagnetic signal in the range of wavelengths with a medium. Examples of such devices
are LED lamps, photovoltaic cells, thermometers, gas sensors, cameras, and many others.
The study of various semiconductors broadens the range of application of photonics. This
work is based on the study of materials which provide light generation around 2 pm.
Semiconductors with properties of that kind are Ge, InAs, and InSb. These materials are not
as widely discussed in literature as InGaAs is, which is widely used in telecommunications.
Main application of 2 pm materials is gas sensing. However they also have the potential for
telecommunications when using ZBLAN fiber for communication at short distances or
utilising quantum constraints for tuning the band energies. In this work, attention is focused
on Ge and InAs. Ge has a low lattice index and is more promising for silicon integration.
Silicon is the basis for modem electronics and the possibility of direct integration with
photonics will provide a new generation of devices with optical communication between
components. For the design of the Ge energy stmcture, tensile stress is applied by growth of
Ge on the lattice-mismatched material, and also investigated. As an alternative approach for
band engineering nanoscale stmctures of GeSn are also studied. The optical properties of the
materials were studied by the methods of photoluminescence and photoreflection. Also part
of the work was devoted to the research of InAs as a powerful photonics material grown on
an InP substrate. Manufactured materials and the lasers based on quantum confined InAs
active medium were characterised as semiconductor sandwiches, Fabry-Perot lasers and
single mode distributed feedback lasers. A method of frequency difference in a nonlinear
crystal is used to provide a time resolution of the measured spectra. Based on this material,
a laser with emission corresponding to NH3 gas spectral fingerprint was developed.
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Introduction
Modem life is based on electronic devices. The development of semiconductor transistors
and integrated circuits was a crossing point for current information technology. Another step
beyond this were optical devices that provide precise control of coherent light. Lasers, which
just recently seemed to be little understood but very interesting laboratory devices today
have become an integral part of our lives. Currently, lasers can be manufactured with a
specific wavelength and power, which detennine the field of application. They are used in
the fiber-optic communication line and in industry, in computers and medicine, environment
and even in the military.
With the advent of lasers in virtually all fields of science, technology and economics,
completely new technological processes arose and all those that a century ago seemed
somewhat fantastic are now common place. In essence, the face of our civilization has
completely changed. An information society (including the Internet), based on the use of
computers and broadband networks, has been formed and is rapidly developing. Global fiber
and satellite communications, which appeared only thanks to the emergence of quantum
electronics and related technologies, and primarily - lasers of different frequency ranges,
power and design features. One of the most important areas of research is the search for a
variety of active media for lasers, the creation of new lasers based on them, the study of
technology for various fields of science and industry.
Historically the electromagnetic spectra was divided for different applications from long
radiowaves for communications to short X-ray for medicine. Even though all
electromagnetic waves can be explained by a set of Maxwell equations, the method of
generation for each wavelength range is quite different. The active medium of the first lasers
was gas and a crystal. Further studies are focused on semiconductor lasers.

In the period from 1961 to 1964 work began to appear expanding research in this promising
direction - semiconductor quantum electronics. Many researchers have previously
considered the possibility of using semiconductors as an active amplifying medium. A patent
of Japanese scientists J. Watanabe and J. Nishizawa from April 1957*’^, which proposed the
use of injection of free carriers in a semiconductor in order to obtain radiation. The patent
was called "Semiconductor Maser", which provides the correct understanding of the purpose
of the work. Scientific interest attracted chance to transfer all features of solid state and gas
lasers to a small semiconductor device that can find many applications.
The study of electroluminescence began in 1907 when the English scientist T. Round
observed it in a detector based on silicon carbide^. The field of semiconductor lasers
developed very intensively. First semiconductor laser with GaAs active medium was
developed in 1962 by Robert N. Hall at the General Electric research center'^. All possible
obstacles to the creation of reliable small-sized devices with a wide range of parameters both
in frequency and in energy and time characteristics were overcome. A special role in the
solution of these issues fell to Zhores Ivanovich Alferov and collaborators of the Leningrad
Institute of Physics and Technology named after AF Ioffe of the Academy of Sciences^, who
developed multilayer heterostructures in 1970, which became the basis of modem
semiconductor lasers. For this work, Alferov was awarded the Nobel Prize in 2000.
Semiconductor materials due to their unique crystalline properties cover the range from
250 nm (~5 eV) to 5 pm (-0.25 eV). Now semiconductor lasers are found in various
applications, such as landscape scanning, distant temperature reading, medicine and many
others.
The wavelength range of light visible to the human eye is 400-700 nm. Following the first
development of heterostmcture lasers many expectations were placed on the development
of laser-based imaging tools. Currently LED displays on the market are one of the cheapest
and most wide spread option. Also most current cameras are based on photovoltaic
properties of Si, which cover all of the visible range. A rapid expansion of fiber

telecommunications in the last 50 years was defined by development of high powers lasers,
based on In, Ga, As, P materials and emitting at 1310 and 1550 nm. Light of this wavelengths
can be easily transmitted by cheap silica fiber, which has a low absorption down to
0.29 dB/km at 1310 nm and 0.15 dB/km at 1550 nm^’^ . High sensitivity, fast InGaAs and
Ge detectors are used as a sensing element for telecommunications. In the range of
wavelength from 1 to 6 pm, various gases (H2O, O2, NO, CO, HCl, NH3 etc.) have absorption
fingerprints and lasers operating at fingerprint wavelength can provide detection sensitivity
for these gases as a quality control of the environment. Also the recent development of low
loss infrared fluoride^ and hollow core fiber^ with transmission window around 2 microns
provides additional motivation for the development of 2 pm lasers for telecommunications.
From Fig. 1 we see that semiconductor materials with a band gap around 620 meV (2 pm)
are Ge and InAs alloyed with GaAs, InP or AlAs. There is also Sb- based materials alloyed
with In, Ga and Al. It should be mentioned that this range of wavelengths can also be covered
by rare earth fiber lasersbut they also require an external optical excitation, which leads
to an increase in the price and device dimension and complexity.
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Figure 1. Energy gap vs lattice constant for different semiconductor materials

Semiconductor technology provides device communication that stimulates ongoing
equipment evolution. This also happens due to the emergence of new technological

processes for the production of semiconductor structures and materials. Some interest has
been shownin the use of Ge as a material with properties close to silicon, and at the
same time as a potential optical material. Ge has a higher mobility of carriers, which can be
further increased. Under certain conditions, Ge can be converted to a direct-band
semiconductor, which is a significant advantage for modem active laser materials. Given its
compatibility with silicon, this semiconductor is of interest as a candidate for optical
interconnects'^. Fast chip-to-chip communication has long been a bottleneck in computer
systems, and the move to multicore processors is likely to exacerbate this problem. Across
the board, electrical interconnects consumes more power, requires more expensive physical
media, and costs more per port. The problem with traditional III-V based optical systems is
their fundamental expense. So current technology is still looking for an optical interconnect
technology for integration with silicon CMOS technology and Ge as an active laser material
is investigated in this thesis as a possible solution.
The quality of the final device depends of the density of defects in the stmcture. One
fundamental source of defects is threading dislocations, formed by lattice mismatch of grown
materials. Substrate material defines the initial lattice parameter. Current photonics is based
on InP and GaAs substrate wafers. In the range of materials with emission close to 2 pm,
InAs has the closest lattice parameter to InP, defining the possible selection of the laser
active material. However commercial electronics is mostly based on Si. Development of an
efficient emitter on Si will progress the development of an optical interconnector for the
electronics devices. In the 2 pm range, Ge has a closest lattice parameter to Si, as a result in
recent years work has been carried out examining the viability of Ge as a possible photonic
material and some success has been achieved in this field recently '5,17-21
The presented scientific work consists of seven sections. The first section of this thesis
contains a theoretical description of the structure of semiconductors and their energy
diagrams. The influence of quantum restrictions on the band structure of semiconductors is
shown. The theory and structure of a semiconductor laser are also described. The second
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1

Semiconductor theory
The first application of quantum mechanics to the consideration of the motion of electrons
in solids was the Somerfield theory of electrical conductivity of metals^^. The only difference
between this work and previous theoretical studies such as Wilson theory^^ was that the
energy levels that can be occupied by different electrons in a solid were detennined by
quantum mechanics. It was assumed that the force fields on the boundary of a solid form an
impenetrable barrier for electrons, which keeps them inside the crystal. It is clear that the
concept of electrons used in Somerfield’s theory that move freely around the crystal and do
not experience frequent collisions with atoms, is quite inaccurate.

Figure 2. Electron potential energy in the crystal, a) Sommerfeld's theory; b) periodic potential of atoms.

The next step in the study of semiconductors was to develop an understanding of the
interactions of electrons with atoms in the solid. The periodic electric field of atoms in a
solid has an effect on the motion of the electrons. Therefore the constant potential used in
the Somerfield model was replaced with periodic potential.

The nature of the change in this potential for a certain direction in the crystal along a line
connecting a number of lattice atoms is shown in Fig. 2 (a). A distinctive feature of the
potential of this kind is that it is periodic with a period of the crystal lattice. The motion of
electrons in a periodic potential field, shown in Fig. 2 (b) was investigated by Bloch^'* using
the apparatus of quantum mechanics.
In Bloch theory, due to the introduction of a periodic potential, the energy levels are grouped
into certain bands (zones) of allowed energies, separated by regions in which there are no
allowed energy levels (forbidden zones). For electrons located on the inner shells of atoms,
these allowed bands are extremely narrow and correspond to atomic energy levels.
To participate in the process of electrical conductivity, the electron needs to acquire
additional energy due to the electric force, i.e., the field must exert an accelerating effect on
it. In the language of quantum mechanics, this means that the electron must move to a higher
energy level. Highest energy level, completely filled with electrons in called a valence band
and the following one with the higher energy is called a conduction band. Electrons
vacancies in the valence band that appear after electron excitation to the conduction band
are called electron holes, or simply holes. Holes in a metal or semiconductor crystal lattice
can move through the lattice as electrons can, and act similarly to positively-charged
particles.
If the width of the band gap (AE) of the pure material between the highest filled and the
following empty zones is large, then there is no electrical conductivity, since there are no
nearby empty levels that enable the transport of electrons. However, if the width of the
forbidden band AE is small, then there is the possibility of thermal excitation of electrons,
leading to a transition of the electrons into an conduction band, after which the exeited
electrons can participate in the proeess of electrical conductivity. The number of excited
electrons will increase with increasing temperature, which is typical for processes with a
defined aetivation energy. Therefore, one should expect that conductivity in this case would

grow rapidly with temperature. Such substances, according to Wilson's theory^^, are
semiconductors. A semiconductor is defined as a material in which, in a chemically pure
state, free electrons require an activation energy of small magnitude, typically less than 2
eV, in order to participate in the electrical conductivity process.

1.1.

Band structure of semiconductors

Let us consider the motion of an electron in an ideal crystal lattice in the absence of
impurities and defects. It is assumed that the electrons move independently of each other,
each of which obeys the Schrodinger equation for the motion of an electron in a field of
potential energy U:
Vip +

8n^m

(E - U)ilj = 0,

(1.1]

where ifj —electron wave function, E —energy. The probability of detecting an electron in
a volume dV is given by | ip^\dV. In the case of no potential field, the solution is given by
i/;(r) = exp(ik ■ r),

(1.2)

with an energy equal to
E =

hk^
2m

(1.3)

Here E is the kinetic energy of the electron and k is its momentum. In a semiconductor, the
periodic potential has a periodicity condition given by:
U{x) = U{xrd),

(1.4)

where r is any integer, and d is the period of the function. For the stable(time independent)
case, the wave function solution of the Schrodinger equation is^^

ip{x) = u^(x) expiikx),

(1.5)

where Ui^{x) is a periodic function with period d and Ar is a constant related to the momentum
of electron. Consider the following transformation of (1.5):
/
2nr w
inr
\^
(
2nr
Anr \
\p{x) = Uj^ix) exp y—i—^xj exp \i(k +—^)x j = u,^>{x) exp(ik x),

(1. 6)

where Uf^>(x)- a periodic function with the same period d, and

k' = k-\-

2nr

(1.7)

The wavefunction presented in (1.6) is also a solution of the Schrodinger equation (1.1) and
hence is a periodic function of k with period 27c/d. This allows us to limit the range of changes
in k by the 27i/d interval; usually from -7i/d to 7r/d, called the Brillouin zone.

Figure 3. First Brillouin zone of a face-centered cubic lattice with labels for high symmetry points

This result can be generalised to the case of a three-dimensional semiconductor, with periods
d2 and ds along the y and z axis, respectively. The energy, when considering the three
dimensional semiconductor, is dependant on the x, y and z components of the momentum

(kx, ky, kz) and is still a periodic function with periods 2n/di, 2n/d2 2n/d3 on the axes kx, ky
and kz, respectively.
Therefore, it suffices to restrict the region of variation of k to A^-space within the limits of
one zone. This zone is usually chosen in the form of the smallest volume in A-space centered
at the origin, which still contains all non-equivalent values of A. The shape of this zone
depends on the crystal structure. This zone is usually called the first Brillouin zone. The
dependence of the energy E on the momentum A is referred to as a semiconductor band
structure. Energy is often plotted for the values of A along straight lines connecting high
symmetry points, which are shown in Fig. 3. High symmetry points such as f, L, X, or
(0,0,0), (1,1,1), and (0,1,0), represent local low electron energy minimum values as far as
r represents energy transitions within an atom and L and X usually represent the closest
distance to the next atom in the latice. Band structure areas around these points are energy
valleys in a semiconductor. Band structures of Ge and InAs are depicted in Fig. 4.

F-valley represents centre of the Brillouin zone. Electron transitions from the conduction to
valence band occurs for this valley with a value of AA = 0. Semiconductors with global
energy minimum Eg is in F valley are called direct bandgap if the, as for example InAs
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(Fig 4 (a)). All other semiconductors are called indirect and require additional momentum
for transition, for instance Ge (Fig 4 (b)). Holes in the semiconductor crystal also has energy
levels in the valence band, similar to electrons in the conduction band. In the edge of valence
band there is usually a degeneracy of two energy levels. Holes that have faster energy change
in the k-space are called light holes, the others are called heavy holes.
Direct bandgap semiconductors are effective photon sources due to simple conduction to
valence band transitions and are widely used as an active medium for semiconductor light
sources. Indirect semiconductors are not efficient photonics materials, but they are often
used in photovoltaics application and are as active materials for semiconductor detectors.

1.2. Fermi-Dirac distribution of charge carriers
In order to determine the number of particles having energy in a given interval, in addition
to the density of quantum states N(E), it is necessary to know the probability that a given
state with energy E is occupied by a particle, i.e. it is necessary to know the distribution
function fo (E). In the conditions of thermal equilibrium for particles with a semi- integral
spin, obeying the Pauli principle, the Fermi-Dirac distribution is valid:
fn =

1
E-F

(1.8)

ekbT -I- 1
where kb is the Boltzmann constant, T is the absolute temperature, F is the Fermi level.
Let us consider the form of the Fermi-Dirac distribution function at various temperatures in
Fig. 5. It follows from (1.8) that in the case of 7=0^ in the energy interval 0<E<F we have
fo=l and fo=0 for E>F. This means that all quantum states with an energy less than the Fermi
level are occupied by electrons, and the levels lying above the Fermi level are completely
empty, not occupied by electrons. Consequently, the Fermi level is the maximum possible
energy of electrons at absolute zero temperature.
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Figure 5. Fermi-Dirac distribution at different temperatures

Consider the case when T> 0. From (1,8), for an energy value equal to the value of the Fermi
level (E = F), we have fo = 1/2. So Fermi level F also can be defined as an energy, where
particle can be found with 50% probability. At T> 0, some of the electrons, as a result of the
theiTnal motion, go over to states with an energy greater than the Fermi level (E> F), and
accordingly part of the states below the Fermi level will be free. In this case, the number of
particles transferred to higher energy levels will be equal to the number of fonned free states
in the region E <F.
In a pure semiconductor the Fermi level in the middle of energy gap. In case of alloying the
semiconductor with a material of different number of valence electrons, the semiconductor
becomes doped. N-doping increase number of free electrons in the material and p-doping
increases number of holes. Doping moves Fermi level to conduction band in case of n-doping
and to valence band in the case of p-doping.

1.3.

Quantum confinement of semiconductors

Quantum theory specifies that the properties of matter can depend on its size^^. Quantum
confinement effects become significant at dimensions of the material close to wavelength of

12

the electron wave function (ip). Based on the confinement geometry, materials are classified
as Bulk, Quantum(Q) -Wells, Wires and Dots.
Bulk materials are unconfined, i.e. the charge carriers do not have certain restrictions in any
spatial dimension. In Q-Wells, the carriers are confined in one dimension. These are
generally implemented by confining an active material layer within two barrier material
layers. Carriers in Q-Wells are confined in one direction, but are free to move in the two
other dimensions. In Q-Wires, the carriers are confined in two spatial dimensions, and free
to move along the length of the wire. In Q-Dots, the carriers are confined in all three spatial
dimensions.
Figure 6 gives a visual interpretation of different types of quantum confinement.

b)

a)

Pi

S'

i
T.

Figure 6. Types of quantum confinement: a) Q-Well h) Q-Wire c) Q-Dot

Theoretical studies indicate that Q-Dot and Q-Wire lasers have certain performance
advantages. For instance, a Q-Dot or Q-Wire laser has a lower volume of material to be
pumped and an improved density of states function compared with a Q-Well laser. Due to
the smaller volume of active material and reduced number of states, the threshold current of
a semiconductor laser may be reduced. Low threshold current leads to better heat dissipation
and improved device efficiency. So low active volume can be important to govern certain
features in a semiconductor laser diode.
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Figure 7. Density of Stales in: ajBulk, h)Q-Well, c) Q-Wire and d) Q-Dot material

Figure 7 shows the theoretical DoS function for Bulk (three dimensions structure) Q-Well
(two dimensions structure) which increases in steps at each Q-Well energy level, the
theoretical DoS function for a Q-Wire (one dimension structure) and DoS function for a QDot (zero dimension structure). The Q-Dot noticeably has a delta-like DoS function, i.e. a
finite number of states available only at the QD.
Energy levels in the case of quantum confinement can be directly calculated for Q-Well
devices. The quantum well can be thought of as a finite crystal where an artificial potential
U has been introduced over a distance L. For simplicity, let us assume this potential is zero
over the distance L and infinite elsewhere. To describe the confinement we solve the timeindependent Schrodinger equation for the electron:

h^
2m dx^

(1.9)

+ U{x)

where m is electron mass and £„ is the subband energy, for the «-th level.
If the potential in (1.9) is zero within the well (U=0: 0<x<L) and infinite elsewhere (U=oo:
X > L or X < 0) then the wavefunctions are zero everywhere except inside the well with
boundary conditions given by: i/^„(0) =

— 0- Equation inside the well will convert

to:
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dx^

+

2mEn

h2

(1.10)

IpnM = 0.

This is the differential equation of an harmonic oscillator. Solution for such an equation can
be found as:

ipnix) = Asinikx

b),k =

\2mEr
h2

■

(1.11)

Taking into account, the boundary conditions mentioned previously and the assumption that
the particle is in the well (A ^ 0) one can find
V^n(O) = Astnib) = 0 => b = n'n,

ipn(Xd = AsinikL + n'n) = ±Asin{kL) = 0
=> kL = nn,

h^ /nn\^

(1.12)
(1.13)

(1.14)

The subscript« in (1.14) denotes the subband number to differentiate it from the unconfmed
case. In a real quantum well however the potential is finite as depicted in Fig. 8. This results
in wavefunctions that can penetrate into the barrier material and lower confinement energy
levels^®’^'. This becomes important as far as subband energy levels come closer to the
maximum confinement energy of the potential well, as shown in Fig. 8 but is not that
significant for the lowest confinements energies. In many cases, the assumption of infinite
barriers can be used for identification of first the confinement subbands.
The quantum well energy levels and optical coupling between conduction and valence bands
were calculated as follows:
We used the 30 band k-p approach that includes the effects of strain from D. Rideau et aP^,
which is based on experiment and

calculations. We added the temperature dependence

of the L and /"bands to this model from experiments^'^.
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The quantum confinement was solved using the envelope approximation numerically, using
the k-p Hamiltonian mentioned above. The boundary conditions were given by the
experimental values of the band gap and effective masses of InGaAs and the calculated bandoffsets from Ref^^. We used the boundary matching conditions from W.A. Harrison^^. The
temperature dependence of the energy gaps in InGaAs is taken from Ref

a) U=oo

b) U=Uo

Figure 8. Wavefunction and confinement energy in a quantum well with a) infinite, b) finite harriers.

The latter approach gives permitted crystal momentum k values for the k-p model. The
optical coupling constants are extracted from the momentum operator between the wavefunction of the permitted states in the k-p model:
(1.1)

Where ^and u are the envelope and Bloch functions, respectively.
The generation rate of direct band gap photons goes as:
271

'

■

'

'

^

(1.2)

The generation rate of indirect phonons is given by:
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ft a, I,

PWi

S(E,-E,-hv-t!a})

(13,

Ej-E,-hv

The electron phonon coupling Hei-ph between the L and /"bands has been calculated in Ref^^.

1.4.

Theory of semiconductor lasers

Semiconductor lasers differ from gas and crystal lasers in that optical transition does not
occur between the discrete energy states of an atom, but rather between a pair of wide energy
bands: the conduction band and the valence band. In normal conditions with low
concentration of electrons in the conduction band interaction of light with the medium with
the light photon energy above the band edge can excite electron from the valence band to
the conduction band (Fig. 9 (a)).
b)

a)

carriers in the valence and conduction bands; a) generation of charge carriers with photon in low populated
energy hands; h) stimulated emission in high-populated energy hands.

Let us consider the situation in which high concentrations of electrons and holes are created
in a semiconductor. In this case states just above the minimum of the conduction band are
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fillec with electrons, and states just below the maximum of the valence band are filled with
holes (Fig. 9 (b)).
Under these conditions photons passing through the material in a narrow energy interval Just
exceeding the width of the energy gap material cannot generate an electron-hole pair.
Moreover, photons passing through a solid body have the same probability of causing
transitions as in the low concentration case, but in this situation possible transitions
correspond to the transition of an electron from the conduction band to the valence band.
This means the absorption coefficient is negative: the incident photon passes unhindered
and, in addition, as a result of the electron transition, another photon arises. This second
photon has the same frequency, phase, polarisation, and direction of propagation as the
original photon. This process is called "stimulated emission" and corresponds to optical
amplification when part of the energy stored in the semiconductor is transmitted to the
radiated field. Optical amplification can be used to obtain a laser effect by introducing
positive feedback and providing conditions whereby the gain exceeds the losses.
The injection of carriers is carried out most easily and efficiently with the help of a p-n
junction. If both sides of the junction are heavily doped, then the direct voltage displacement
causes electrons to be injected into the p-region, and the holes to the n-region.
b)

^

U
/
_________

✓

1/

V

V

'cJOdOTSdoFigure 10. Energy diagram with Fermi level F ofp-n junction in case of a) thermal equilibrium; h) voltage V
applied, shifting Fermi levels at contacts on an energy U.

In this way, near the junction, carrier concentrations are created sufficient for the lasing
effect to take place. Figure 10 (a) shows the energy diagram of a p-n junction at thermal
equilibrium. The case depicted refers to heavily doped (degenerate) p and n regions, so that

18

the Fermi levels in both regions are within the allowed bands. At equilibrium, these levels
for electrons and holes coincide. In this case, a voltage V is applied to the junction in the
forward direction, the position of the Fermi levels at the two contacts will differ in energy in
comparison to the voltage applied. The difference in energy between the two Fermi levels is
commonly represented by U. In each of the two regions far from the junction point, the
carriers of the current are in thermal equilibrium, and their distribution can be described by
means of a quasi-Fermi level. However, there is no equilibrium in the junction region, and
the statistics of the occupation of states in this region should be considered separately for
electrons in conduction band and holes in the valence band. When voltage it applied to the
semiconductor it creates a displacement of bands (Fig. 10 (b)) that results in a diffusion flux
of electrons and holes through the junction. Injected electrons recombine with holes after
diffusing for a short distance (diffusion length), resulting in a steady state, in which the rate
of recombination of electrons is exactly balanced by the rate of their injection. Quite
analogous arguments apply to the distribution of holes in the valence band, so that in the
stationary state the position of the quasi-Fermi levels for the two types of carriers in the
transition region varies, as shown in Fig. 10 (b). Interband radiative recombination in the
form of spontaneous or stimulated emission occurs with high probability when high
concentrations of electrons and holes are created in the same volume of the semiconductor.
Thus, radiative recombination occurs in the immediate vicinity of the p-n junction, or even
in the transition layer, where electrons diffusing to one side recombine with holes diffusing
to the other side. Current flow is determined by the balance between the diffusion flux of the
two types of carriers and the rate of their recombination. The feedback required for laser
generation can be created by limiting the active region to two optically flat reflecting
surfaces, ie a Fabry- Perot interferometer. Since the spectral region in which amplification
takes place is fairly wide, and many wavelengths fit along the length of the resonator, the
Fabry-Perot condition for positive feedback is satisfied for many modes:
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MAyw = 2nL,

(1.15)

where M is an integer, n is the refractive index, L is the distance between the reflecting
surfaces, and Xm is the wavelength of the mode in vacuum. The lasing effect arises only if
the achieved gain for a wave passing though the resonator exceeds optical losses. In injection
lasers, there is a threshold current density, above which this condition is satisfied. At currents
below this threshold, the diodes emit only the spontaneous emission described previously.
One of the dominant loss processes is the absorption by free charge carriers, since large
concentrations of free carriers are required to obtain population inversion. Optical losses can
also be associated with the presence of impurities or defects in the crystal structure, giving
additional absorption or scattering. To reduce losses of this kind, the active zone of the laser
is manufactured from an undoped material, resulting in a lower level of impurities and
defects. For a wave exponentially increasing with distance, the transmission on the planes
bounding the resonator is the loss equivalent to the absorption coefficient (- ln(RiR2) /2L),
where Ri and R2 are the reflection coefficients at the two ends. Another loss mechanism,
called "diffraction losses", is due to the fact that the electromagnetic wave propagates in a
narrow active region of only a few wavelengths in width.
The waveguide effect happens in the material when light propogates through a high
refractive index (m) material, sunounded by low refractive index (n2) material (Fig. 11). In
cases angle of incidence on this light fulfil the condition of full internal reflection:

sm a > —,
rii

light propagates only in the high reflective index material from one edge to another. In the
semiconductor laser these edges have reflection coatings to create an optical resonator.
However part of the energy is diffracted into the regions surrounding the waveguide layer^^.
The penetration of the wave into the absorbing regions is quite limited and this waveguide
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effect plays an important role in some distributed feedback (DFB) lasers to create
wavelength selectivity.
ni

Figure 11. Optical waveguide.
On the surface of the active medium, a periodic structure is produced, creating a periodic
change in the refractive index and leading to interference reflection. The reflection condition
from the periodic structure is satisfied for rays in both directions. Thus, the periodic grating
creates feedback in both directions, distributed over the entire length of the laser. Since the
feedback produced by the periodic grating is selective, a single-mode lasing regime is
provided in DFB lasers. Change of refractive index in the semiconductor defines the
temperature tuning of a laser device. DFB lasers differ in the temperature stability of the
optical frequency generated, which is uniquely determined by the optical period of the lattice
used and not the refractive index of the cavity. The coefficient of the temperature dependence
of the emission wavelength of a typical DFB laser is 0.1 nm / °K and is determined by the
temperature dependence of the refractive index in the periodic structure.
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Chapter

2

Optical spectroscopy characterisation
techniques
The band structure of a semiconductor has a decisive effect on its optical properties and
application. Spectroscopy is a general tool to study optical properties of the materials. This
chapter describes optical methods, such as photoluminescence and photoreflectance, used in
this work for characterisation of a band structure of semiconductors. These methods can
detemiine the major transitions energies in the semiconductors, such as band gap and direct
transition energy. These gives an information about estimated emission of a device made
from such semiconductors.
Charge carrier dynamics in the semiconductor gives an information about electron-hole
transformations and transfer in a semiconductor material or device. Ultrafast techniques
make it possible to monitor dynamics of the semiconductor properties, which are dependent
on the charge carriers concentration. In this chapter, nonlinear frequency conversion will be
discussed as a tool to provide time resolution of the semiconductor emission spectra.

2.1.

Photoluminescence

Photoluminescence (PL) is a method used to analyse band structure and radiative properties
of a semiconductor'*®’'^'. It is based on the generation of electron-hole pairs in a
semiconductor by excitation of a semiconductor with high energy light. As a result of the
absorption of light by a semiconductor crystal, the electron can receive sufficient energy to
allow it to escape from a valence band to a conduction band, leaving a hole in the valence
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band. This is a mechanism for generation of electron-hole pairs in a semiconductor. This
normally occurs in the case in which the excitation having a photon energy Ehv is greater
than the energy Eg of the energy gap in the semiconductor. After a short relaxation time, the
electrons thermalise to the lowest empty levels of the conductivity band. At this point they
gradually return to the valence band by recombination with the holes with an emission of a
photon. The energy of the photon is equal to the transition energy of the electron-hole pair.
Schematically this is shown in Fig. 12. The time that the electron spends in the conduction
band before relaxing back to the valence band is called the electron lifetime, and radiation
of this kind is called spontaneous emission.

Figure 12. Generation and spontaneous recombination of electron-hole pairs at photoluminescence.

By analysing of the spontaneous emission spectra in a semiconductor, it is possible to find
the different energy levels of the semiconductor, which determines the wavelength of
operation of the device made from such a semiconductor. According to the Fermi-Dirac
distribution of charge carriers, electrons at high temperatures have a larger distribution of
energies, resulting in broad features in the detected spectra. This is the reason why in many
cases for PL measurements the semiconductor material is cooled to cryogenic temperatures.
Another advantage of low temperature PL is that at low temperature the probability of nonradiative recombination of charge carrier, caused by the presence of defects or impurities in
the crystalline structure, is significantly reduced. Recombination from these nonradiative
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energy state generate not a photon, but rather a phonon, increasing temperature of the
material.
The experimental arrangement used in this work is shown in Fig. 13. A Ti:Sa pulsed laser
was used as the excitation source, tuned to 800 nm with 80 MHz repetition rate and 300 fs
pulse width and up to 0.55 W average power. Laser and PL light were respectively focused
and collimated by the reflective objective lens similar to a confocal microscope
configuration. The laser spot was focused to a 6-9 pm diameter, providing up to 1.9 MW/cm^
of pump power density. Samples are chilled down to 7.5 K in a closed-cycle helium cryostat
or down to 77 K in liquid nitrogen cryostat. PL was separated from the pump laser beam by
a dichroic mirror and focused by a CaF2 lens to a monochromator with a grating blazed at
2 pm. Emission from the laser was filtered by an appropriate long pass filter for eliminating
pump laser emission and some unwanted second order emission peaks in the spectra. PL
signal was detected by a range of detectors; InGaAs detector with a sensitivity range from
0.9 pm to 2.6 pm (-0.48 - 1.38 eV) and a liquid nitrogen chilled InAs detector with a
sensitivity range from 0.9 pm to 3 pm (-0.41 - 1.38 eV). For noise cancellation, the setup is
equipped with an optical chopper for modulation of the photoluminescence and a lock-in
amplifier for suppressing signals outside the modulated frequency. For sample surface
monitoring and precise focusing, a CCD camera with an external LED source are used during
alignment as a modification to a standard PL acquisition setup. This setup is, in essence, a
confocal microscope arm added to a conventional photoluminescence setup, providing
feedback on the focused spot. This arm is inserted in the setup with the help of a removable
50/50 beamsplitter placed prior to the focusing objective and the sample holder. 50% of the
light is used in the confocal microscope and 50% is directed to the monochromator. This
beamsplitter can be removed after alignment, providing 100% of PL focused to the
monochromator. In this way, the beamsplitter acts as an on/off switch for the microscope
and allows reduced loss of the PL power during spectra acquisition.
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Figure 13. Photoluminescence experimental setup empowered with a microscope

Emission spectra requires peak analysis for identification of the transition energy. The most
straightforward way is taking an emission energy with the highest intensity, however in case
of low signal-to-noise ratio this value can vary significantly. In order to reduce experimental
error emission peak is usually fitted by Lorentzian or Gaussian shape. Gaussian shape ideally
fits Fermi-Dirac distribution and is preferable for use for intensive and well-resolved spectral
peaks of spontaneous emission. Lorentzian shape is defined by the transmission spectra of
the monochromator and is preferable is case of low-resolution spectra and a single line
spectrum of laser output. In the case of very low signal or strongly asymmetrical spectra with
unclear shape, one can use centre of mass in the spectra. In the case of symmetrical spectrum
low noise spectra energy obtained by all this methods has the same value.
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2.2.

Photoreflectance

2.2.1. Basics of semiconductor reflectance
\\Tien a beam of light is directed toward the semiconductor, some part of the light will be
reflected from the front face, some fraction of the light will pass through the semiconductor
and the rest of the light either scatter or is absorbed in the material. The energy of the
absorbed light is transformed in a semiconductor into other types of energy, for example
heat, luminescence (Chapter 2.1) and electric current. The nature of the interaction of light
with semiconductors is defined by light’s spectral composition, polarisation, intensity,
degree of coherence and direction of propagation, and on the semiconductor side it is
primarily defined by its band diagram.
If the photon energy hco of the exciting light is greater than the energy gap Eg, then optical
transitions take place, this was discussed in the previous chapter. If the photon energy is
slightly below the bandgap this could result in the creation of an exciton at low temperatures.
Absorption spectra will contain information on all transitions taking place in a
semiconductor. A characteristic feature of semiconductors is a sharp increase in the
absorption coefficient over a small spectral interval. Pure semiconductors are almost
transparent for photons with energies less than the forbidden band. In germanium for photon
energies less than the bandgap, the absorption coefficient is less than 3 cm''. However, when
the energy of the photons approaches the Eg, the value of the absorption coefficient rapidly
increase to 10'^-10^ cm'* in an energy interval of about 0.1 eV. This significant change of
absorption coefficient happen at energy gap or other transition energies. This energies are
called critical point energies. At such critical points, the curvature of the interband energy
surface in momentum space, E versus k, can be approximated with a simple parabolic form'^^:
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E (/c) = ECO) + Uikx + a2ky + a^k^.

(2.1)

Critical points of the semiconductor are affected by various external influences: electric and
magnetic fields, pressure, acoustic and electromagnetic oscillations. A set of techniques
using these effects for a weak perturbation of the energy diagram of a semiconductor and the
determination of various critical points is called modulation spectroscopy.

2.2.2. Electroreflectance
The effect of the electric field on the absorption edge of a semiconductor was first considered
theoretically by Franz"^^ and Keldysh'*'^. These authors predicted that in the presence of an
electric field, absorption of photons with an energy lower than the band gap will take place,
this phenomenon became known as the Franz-Keldysh effect. It explains that absorption at
h(o slightly less than Eg is related to the process of electron and hole tunnelling. Electronhole transition compensates the energy deficit (Eg - hco) by external electric field. The
externally applied electric field leads to a tilt of energy bands in space, so that electrons have
to tunnel through a triangular potential barrier. The tunnelling probability for a triangular
barrier is expressed in terms of Airy integrals'^^, which are responsible for the appearance of
an oscillating component in the expression for the dependence of the absorption coefficient
on the energy of a photon and the applied electric field. Thus, at the edge of absorption there
is a tail, "exponentially" falling to the low energy side. Hence at each edge of the absorption,
"differential" peaks are observed, giving information of the transition energies of the
material.
One of the first experimental and theoretical studies of this effect was performed by Seraphin
and Bottka'^^. They found that an electro-reflectance measurement is an effective method for
studying the band structure. Since semiconductors have peak absorptions at photon energies
very close to the transition critical points, so shifting this peaks by an external electric field
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anc detecting shift of these peaks in the reflection spectra makes it possible to distinguish
transition peaks in the band diagram. This method allows us to establish the energy of critical
points for band transitions under conditions in which the absorption coefficient is too high
to Ve determined by measuring the transmission, i.e. in the region of photon energies greater
than Eg, which corresponds to absorption.
The practical advantage of this method is that it is sufficient to create an electric field only
in tie surface layer of the semiconductor under investigation (in this case, however, only the
properties of this near-surface layer are measured). This advantage is most easily realised
when the sample is irradiated by a coherent light source. In the process of reflection in a
semiconductor under the influence of incident radiation, electromagnetic waves are induced
in the surface of the material opposite in phase to the incident wave. This generates an
external electric field, perturbing the semiconductor. If one detects the variable component
of the reflected light intensity, then it becomes possible to measure very small relative
changes AR/R. This technique is known as photoreflectance‘^^(PR).

2.2.3. Theoretical models
The dielectric permittivity (f) deteiTnining reflection (/?) in a semiconductor is related to the
refractive index and absorption via:

£= Si

i£2 = {n — IkY,

(2.2)

v/here n is the refractive index and fc is the absorption index. An electric field applied to a
semiconductor causes a change in the reflection coefficient by a value AR. To explain the
observed values of JR / R, it is necessary to take into account the changes caused by the
feld of both the real and imaginary parts of the refractive index.
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2.2.3.1.

Airy model

In the presence of an electric field the real (£1) and imaginary (£2) part of the dielectric
constant of the semiconductor changes based on the influence of the external electric field
on the band structure of the semiconductor. This affects on the reflection spectra of the
semiconductor. In this way photoreflectance provide a tool to study a band structure of a
semiconductor. Photoreflectance spectra can be fitted using Airy functions, which represents
tunnelling through the triangular barrier which is created by external electric field. Full
mathematical interpretation is quite massive and is explained in detail by Estrera^^, Seraphin
and Bottka*^^, Aspnes'^^ and Batchelor"^^. Based on their research we used the following set
of equations representing change of reflectance under electric field:
{

— =Re
R
tan (p

F(z) + /G(z)

A

(£-,Ty
p
—,

(2.3)
(2.4)

a

z = -{E-E,) + iV,

(2.5)

T

r=r,^x^[{E^-E)5)

(2.6)

Parameter C is a combination of amplitude parameters; tan (p represents ratio of SeraphinBottka coefficients a and /i; F is a broadening parameter in energy units, related to the
lifetime of charge carriers, and amplitude Tq - a modified nominal broadening at transition
energy; t is related to the lattice perturbation strength; 6 is the Batchelor’s fitting parameter,
related to defects in the structure. Ec is the critical energy of the transition. The functions F
and G are electro-optics functions of the first and second kind'^^:
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Ar(x) - xAi (x) Ai (jc)) - u (-x) ^j-x,

F(x) =
G(x) =

i^x)Bi {^x)-xAi{^x) 5/(x))-w(jc) Vx,

(2.7)
(2.8)

where Ai(x) is the Airy function defined by
Ai(x) =

1

r“

^ Jo

/I
V3

A- tx) dt,

(2.9)

and Ai'(x) is its derivative and u(x) represents the unit step function, taking a value of 1 for
positive X and 0 elsewhere. It should be noted that the critical point E=Ec is omitted from
the fit due to resultant infinities in F and G.

2.23.2.

Third derivative line shape

In the case when perturbation field is low {hO < 771?) it is possible to simplify these
expressions to a third order derivative line shape (TDLS)^^’:
— =

RelCsCexCine'e^Ae^J],

(2.10)

where e' and ^ represents Cartesian components of the unit polarisation vector e . The factor
Cs=a-ip gives Seraphin coefficients. Cex represents the electron-hole coulomb interaction in
the contact exciton approximation and Cm is the factor arising from inhomogeneity of
perturbing field. For the case of quantum well type semiconductor material (confined in the
z-direction), we have:
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where / is the order of critical point, equal to the number of negative effective masses

fly',

Kz represent k space cutoff limits; iu\\ is interband reduced mass evaluated in the field
direction; e is perturbing field; Pcv is momentum matrix elements; Ec is critical energy of
transition and E is its broadening energy.
After simplification and unification of constants, we arrive at:
AR
-^=

(C

Ec + ir)-^ j,

(2.13)

where F is a lifetime broadening parameter, (p is phase parameter defining shape of the TDLS
function and is related to ratio of Seraphin-Bottka coefficients. In his work Aspnes omits the
terms corresponding to 1/E^ possibly due to the low effect it has on the spectral lineshape,
however in the case of high broadening it can play a significant role and hence we have
included it in our model.
The TDLS simple model is often used

but it is valid only in the case of low and uniform

electrical perturbation of the crystal materiaL'^’^^. Low perturbation can be estimated from
the experiment in case of AR/R <10^.
Any source of background noise, such as PL, can generate an offset on the PR spectra dR+Ro.
This offset is normally compensated by the lock-in, but can have some effect on the graph.
For this purpose, an offset parameter Ro should be added to the fitting.

31

2.2.4. Photoreflectance setup
PR spectra acquisition was performed in the setup depicted in Fig. 14. Laser light generates
an electric field inside the material. This results in perturbation of the complex dielectric
function of the semiconductor, which defines the reflectance of the semiconductor. In our
experiment we measured reflectance using a broadband light source and a monochromator
placed before the sample and a liquid nitrogen chilled InAs detector after, which is used for
intensity readings. Chopper modulation technique allows tracking of the changes in
reflectance with and without laser perturbation. As this setup detects the variable component
of the reflected light intensity, it becomes possible to measure very small relative changes
AR/R.

405nm
(3eV)
CW
40mW
Chopper

Detector
Filter
Monochromator

Broadband
light source

Cryostat
Figure 14. Photoreflectance setup

This setup configuration provides detection of the photoreflectance signal with no influence
of the PL on the spectral shape. A longpass filter is used to cut any emission shorter than
1pm and avoid second order diffraction peaks from the monocromator grating appearing in
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the spectra. We also used a combination of longpass filters (0.7 pm, 1.3 pm) to study spectra
in the 0.7-1.4 pm range and the 1.3-2.6 pm range. All samples were placed in a liquid
nitrogen cryostat and chilled to 77 K.

2.3.

Nonlinear frequency conversion technique

Temporally resolved photoluminescence is a powerful tool for the characterisation of
material. It makes it possible to measure the lifetime of charge carriers at different energy
levels. This helps to analyse both the quality of the material and the processes of charge
carrier migration at different energies. Such information is important in the development of
efficient and high-frequency semiconductor laser media and detector materials with highfrequency response and high gain.
Thanks to the development of femtosecond lasers, nowadays it is possible to make a short
pulse excitation of a semiconductor material. In addition, there are various devices to obtain
high temporal resolution. One of the simplest is a fast semiconductor detector, integrated
with fast electronics. Such devices have a time resolution limit of about ~10 ps. However,
time resolution has an inverse correlation with sensitivity. They are widespread in
telecommunications, providing receiver frequency sufficient for detection of an optical laser
with an order of GHz frequency as a transmitter. One of the techniques with high temporal
resolution of picoseconds is time-correlated single photon counting^^. It has a
photomultiplier tube (PMT) as a sensitive element and measures a delay time between pulsed
laser excitation and material emission. The key point here is single photon detection and
multiple repetition of this process. Another common method of obtaining time resolution,
which also uses photocathode is a streak camera system^^. The setup allows for achieving
temporal resolution on the order of a picosecond, which is currently the best sensitivity
available. The spectral sensitivity of the system is determined by the photocathode, and the
most sensitive in the infrared region is the InGaAs photocathode. Its spectral range is
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~400-1700

The pump-probe method^^’^® is another method that uses serial laser

excitation with two short laser pulses. The time delay between these two pulses (pump and
probe) is usually set by increasing the optical path of one of the beams. This method saturates
the charge carriers in the material with a pump pulse which changes the properties of the
material, such as transmission, reflection or photoluminescence. This method requires a
short tunable laser with spectral selectivity, which can be achieved using an optical
parametric oscillator (OPO)^‘ . Thus, the tuning range of the OPO defines the spectral range
of this technique. The time resolution of this method is limited only by the width of the laser
pulse.

NL crystal

(a)
laser - pump

laser - pump
converted
signal

IR - idler

IR - idler

(b)

Time
Figure 15. Schematic illustration of a) nonlinear frequency mixing, h) time gating of the Idler with the Pump.
Colour code is the following: blue - high power short laser pulse, red - infrared sample emission, green —
converted signal, which is a product offrequency mixing of the previous two.

In addition to the techniques discussed above, which provide poor coverage of the 2 micron
band, non-linear frequency conversions^ was used. The spectral sensitivity of non-linear
frequency conversion is limited by the choice of crystal and phase matching conditions. In
this case, a short pump laser pulse is mixed with a long idler pulse from the sample
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generating a signal (s) of frequency determined from the frequencies of the pump (p) laser
and infrared (IR) the idler (i) shown in Fig. 15 (a). Pump laser pulse is used as a temporal
shutter, which is shown in Fig 15 (b), similar to the pump-probe technique.
Phase matching conditions originate from conservation of energy and momentum and for
the case of sum frequency generation are:
— Ep +
^

^

(i)^ — (x)p 4* tOi
^
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— — -—h —,
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(2.14)
(2.15)

where n is refractive index at the appropriate wavelength 2, and e is a unit vector,
corresponding to the ray direction. In an anisotropic crystal, there are two rays propagating,
ordinary (O) and extraordinary (E). It is also well known that the refractive index depends
on the direction of propagation and temperature. The crystal is positive uniaxial if ne > no
and negative uniaxial if ne < no .The variation of the indexes with wavelength is of the form
(Sellmeier's equation):
+ T.—,
Cq

(2.16)

a

(2.17)

In general, the phasematching conditions (2.14) and (2.15) cannot be satisfied if all three
(i, s, and p) rays propagate as ordinary rays in the crystal. However, if one or more of the
rays propagates as extraordinary ray, phasematching conditions may be satisfied by varying
the angle or temperature between the wave normals and the optic axis. Type I frequency
conversion is the case when pump and idler beam are assumed as ordinary rays and signal is
assumed extraordinary beam ( Ap +

Af).

The quantum efficiency for phase matched sum frequency generation is obtained by solving
the coupled equations for the three waves using appropriate boundary conditions
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Under

the condition that only a small fraction of the power at A,p is transferred to Xs (negligible pump
depletion), the quantum efficiency is given by

VA. I

(2.18)

assuming that there is no angular spread for either beam. Here Pp is the power in the P beam
and A is the area of the P beam at the nonlinear crystal (assuming that the area of the idler
beam is not larger than this area), deff 'is the effective nonlinear coefficient of the crystal, c is
the velocity of light, Cq, the free-space permittivity, and L the thickness of nonlinear crystal.
In summary it should be mentioned that optical characterisation techniques provides
complex optical em.ission properties. PL, PR and time resolved measurements give
information on the emission colour, intensity as well as intensity decay. This defines band
structure of the material and its charge carrier’s dynamics, providing photonics efficiency of
the material and motivation for its future application.
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Chapter

3

Germanium as a material for optical
interconnects
3.1.

Introduction

The shrinking feature size of silicon (Si) transistors has enabled an exponential increase in
transistor density, resulting in increased computational power. However, current Si-based
complimentary metal-oxide-semiconductor (CMOS) technology is nearing the physical
limits of its scaling potential, and with the end in sight of the traditional technology
roadmap,only a radical departure from Si-based technologies can ensure continued
technological progress^'’.

Material innovations,^^^ novel device architectures,^^"^^

heterogeneous technology co-integration,^^ new functionalities,^'^ and their monolithic
integration onto Si are projected to continue transistor miniaturisation beyond the Si CMOS
era. Moreover, interconnect bottlenecks for both inter-chip and intra-chip communication
are projected to be major impediments to energy-efficient performance scaling. Therefore,
there is an urgent need for large bandwidth, low-resistance interconnects in high-end
computing applications as copper-based electrical interconnects are rapidly becoming
inefficient in meeting essential bandwidth requirements^^. It will become increasingly
challenging to transmit signals electrically while maintaining low power consumption, low
delay, and a high signal-to-noise ratio^^. An enticing approach would be the integration of
photonic devices with Si technology, hence the monolithic integration of Si-based
optoelectronics would be an obvious choice. However, the indirect bandgap of Si limits the
realisation of Si-based photonic devices^^. Thus, the hybrid integration of germanium (Ge)
and III-V materials-based optoelectronic devices with traditional Si CMOS technology
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would revolutiDuize technology needs in the near future. The superior transport properties
and large modulation bandwidth of Ge and Ill-V compound semiconductor material systems
make them ideal candidates for integration on

Besides, Ge-based light sources on

Si are importart for the realisation of future, nanoscale optical on-chip communication’
Furthermore, optical interconnects compatible Si process technology are needed to provide
for ever-increasing future bandwidth needs^^.

Moreover,

the

electrical-to-optical

interconnect transition for chip-to-chip communication is also expected to be a gradual
process depending upon specific application requirements and cost-performance trade-offs
with current ccpper-based interconnect technologies^^. Currently, the 111-V laser bonded to
Si waveguide approach’^^’^^ imposes strict design and process constraints, with limited
scalability of size (due to the evanescently-coupled lasing mode) and cost (due to 111-V wafer
area utilisation in large channel count transceivers). A heterogeneously-grown active
material with the scope for a tunable wavelength laser would alleviate these constraints and
provide a more scalable solution as device size decreases and integration density increases.
Therefore, there is a critical need to develop a material system that will be compatible with
industry-standard Si process flows, including higher process temperature stability, providing
a feasible template for strain-engineered bandgap modulation for on-Si light sources.
Furthermore, light sources with directly-grown active materials are needed for the largescale integration of highly-integrated photonic devices for optical interconnects in future
high-capacity datacenters, warehouse-scale computing, and high-performance computing
applications. In this chapter, I demonstrate a heterogeneous integration scheme for tunable
tensile-strained Ge (e-Ge) on Si using variable surface-terminated lattice constant buffering
of III-V compound semiconductor metamorphic layers that shows great promise for realising
modular group-H' based lasers on Si. In our hybrid Ge and III-V on Si integration approach,
we have simultaneously combined a substrate architecture that offers a greater design
flexibility with diverse material choices to produce scalable, heterogeneously integrated
tunable light sources on Si that target the possibility of realising hybrid electronic and
photonic systems on Si for ultra-low power computing, inter-chip communication, and
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optoelectronic applications. We are able to achieve these attributes by carefully controlling
the modular tensile strain in the Ge epitaxial layers during growth, and in tandem with the
strain analysis, defect examination, morphological, and band alignment properties of these
strained Ge material systems, provide a path to achieve group-IV-based lasers on Si.

3.2.

Band structure

Germanium (Ge) is indirect semiconductor with direct transition energy just slightly higher
than indirect band gap.

Eg=0.66 eV

(100)

Figure 16. Ge energy diagram at BOOK.

The band structure in Fig. 16 shows that at room temperature, the energy gap between L
valley and valence band is Ei =0.66 eV and for F valley this value is Er=0.8 eV. Ge, like the
majority of semiconductors, exhibits a band shift to lower energies with increasing
temperature. Transition energies temperature dependence for the lowest valleys of Ge
follows^®:
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E^ieV) = 0.742 - 4.8 • 10“^ • T^/(T + 235) ,
Ei-ieV) = 0.89 - 5.82 • 10"^ • T^/(T 4- 296) .

(4.1»
(4.21

Information on the band gap can be obtained experimentally by examining the study of the
photoluminescence (PL) properties of the material. All PL measurements were carried cut
at 80 K using a Ti:Sa laser, with a power of 180 mW, as the excitation source. Since Ge is
an indirect semiconductor, its PL requires an additional phonon for charge earner
recombination and this is the reason why PL is significantly weaker for indirect bandgap
materials in comparison to direct bandgap materials.
Wavelength (urn)
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640
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720
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Figure 17. Photoluminescence ofpure Ge at 80 K. Blue Hue corresponds to Ge energy gap, red line - to
transverse optical (TO) phonon-assisted recombination.

Figure 17 depicts the PL spectrum of pure Ge substrate at 80 K. The theoretical energy gap
at this temperature is 715 meV, while experimental results show peaks at 718 meV and
664 meV, which corresponds centre of mass peak of the experimental data. These peaks are
related to no phonon (NP) and transverse optical (TO) phonon assisted recombination from
the L- valley. The experimentally obtained measurements are close to theoretical predictions
and to previously reported results^'. It should be noted that emission from the direct Gamma
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band of Ge was not observed. To find the energy of the direct bandgap in Ge,
photoreflectance (PR) modulation spectroscopy was used.

Wavelength(nm)
2

1.9

1.8

1.7

1.6

1.5

1.4

1.3

Figure 18. Photoreflectance spectra of Ge at 80 K.

Figure 18 presents the PR measurement of pure Ge at the temperature of liquid nitrogen
(80 K). There is a clear feature at 887 meV which is obtained by TDLS fit of the spectra.
Theoretical value of direct bandgap at 80 K is 881 meV which is close to the obtained value.
Emission due to the indirect bandgap did not provide a noticeable response in the PR spectra.
Since the indirect band requires an additional phonon for optical interaction, it has less
influence on absorption of a semiconductor and thus has less contrast at PR spectrum than a
direct band, which was confirmed by this experiment. Combination of both techniques
provides overall information about both direct and indirect transitions in the Ge. Comparing
PL and PR we have a 169 meV energy separation for direct and indirect emission, which
matches with theoretical expectations.
Due to interest in direct bandgap materials as efficient emitters one of the possible way to
engineer the bands is to apply a tensile strain to the

Strain is applied

mechanically^or by growth on lattice mismatched materiaf^’^^’*®®. Those works predict
an indirect-to-direct crossover at biaxial strain 1.5-1.9 %. Mechanical strain will prove to be
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extremely difficult to utilise in an industrial manufacturing process and thus lattice mismatch
growth appea*s to be more promising in the long term. Significant results have been achieved
by growth ofGe on InGaAs interface^^ or fast cooling of Si'*^^, Strain achieved by different
heat expansion appears interesting, but can meet certain challenges at the laser processing
step. We focised on the growth of Ge on InGaAs interface, as optical properties of such
materials are not well investigated in the previous research. In the following chapters we
consider grovth and energy band characterisation of tensile Ge grown on Si and GaAs
substrate.

3.3. Material synthesis of tensile strained Ge
Unintentiona ly doped (-1.81x10'^ cm‘^) tensile-strained epitaxial 30-40 nm thick Ge layers
were grown cn off-cut Si (100) substrates using an in situ growth process utilising separate
solid source molecular beam epitaxy (MBE) dual chambers for the Ge and III-V materials,
connected via an ultrahigh vacuum transfer chamber. This work was performed in Advanced
Devices & Sustainable Energy Laboratory located at Virginia Tech, Blacksburg, Virginia,
USA. The effect of substrate off-cut on the suppression of antiphase domain boundary and
stacking fault formation at the GaAs/ Si interface is well-supported in the literature'^' and
was utilised to achieve device quality active layers in this work. GaAs and linearly graded
InxGai-xAs buffers were grown on Si to mitigate the defects and dislocations due to the
significant lattice and thermal mismatch between Ge and Si. An Ino.11Gao.89As or
Ino.17Gao.83As constant composition virtual substrate was grown prior to Ge layer growth,
immediately followed by strained-layer Ge epitaxy at a growth temperature of 400 °C and
growth rate of ~0.1 A/s, respectively. During the substrate oxide desorption and periodically
throughout each layer growth, reflection high energy electron diffraction (RHEED) was used
to monitor the surface reconstruction for growth-induced defect patterns. After the
GaAs/InxGai-xAs layer growth, the sample was transferred under ultrahigh vacuum to the
Ge MBE chamber for subsequent e-Ge growth. The e-Ge on Si substrates were characterised
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by high-resolution X-ray diffraction, atomic force microscopy, and low-temperature
magneto-transport measurements. Selected samples were then transferred to the III-V
chamber for the upper InxGai-xAs cap layer growth. Prior to the InxGai-xAs cap layer
growth, samples were held at 400 °C for 30 min to thermally desorb residual Ge surface
oxides formed during ex-situ material characterisation. RHEED was used to monitor the
surface reconstruction of the e-Ge layer during the oxide desorption, as well as the upper
lUxGai-xAs layer growth. The thorough desorption of native oxides from the e-Ge epilayer
is crucial in achieving an atomically abrupt, oxide-free heterointerface, thereby reducing the
likelihood of generating electrically or optically active interfacial defect states. Table 1
provides details on the samples studied in this thesis. These samples cover strain range from
0% to 1.91 % and are used to study InGaAs cap layer effect of the Ge efficiency.
Table 1. Description of Ge sample structures

Strain
(%)

Sample

Cap

Structure

Ge thickness
(nm)

A

0

No

Ge/AlAs/GaAs/Si

240

B

0.84

No

Ge/Ino.isGao.svAs/GaAs/Si

40

C

1.05

Yes

GaAs/Ge/Inu.i6Gao.84As/GaAs

15

D

1.12

No

Ge/Ino.i7Gao.83As/GaAs/Si

30

E

1.61

No

Ge/In().24Gao.76As/GaAs

28

F

1.91

Yes

InGaAs/Ge/Ino.29Gao.71 As/GaAs

15

3.4.

Defect Analysis by TEM

Additional investigation into the material quality and nature of the 8-Ge/InxGai-xAs, samples
B and D, in Fig. 19 (a), (b) heterointerface was performed by high-resolution cross-sectional
transmission electron microscopy (TEM) analysis and energy dispersive X-ray spectroscopy
(EDS) performed in Virginia Tech. Figure 20 (a)-(f) and 21 (a)-(e) show the bright-field
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cross-sectional TEM micrographs of the 8-Ge grown on Ino.13Gao.87As/ InxGai-xAs/GaAs/Si
and Ino.17Gao.83As/ InxGai-xAs/ GaAs/Si, respectively. Cross-sectional TEM measurements
were performed on various locations of the TEM specimen and the representative results are
shown in Figs. 20 and 21. Moreover, all layers are labelled in each figure.

Ge8= 1.12%
Ino.ivGao.si^As

liixGai-.xAs Linearly Graded
Buffer x: 0.03 =>0.17
GaAs buffer
Si(lOO)

^

r

Figure 19.Cross-sectional schematic of (a) 0.84 % s-Ge/InojsGaosvAs and (h) 1.12 % E-Ge/InojjGaafi.iAs
structures heterogeneously integrated onto Si in performed in Virginia Tech.

The GaAs and linearly graded InxGai-xAs buffers on Si were found to effectively mitigate
the lattice mismatch induced defects and dislocations between the e-Ge/InxGai-xAs (x =
0.13, 0.17) layers of interest and the Si substrate. One can find from Fig. 20 (a) (Fig. 21 (a))
that the majority of dislocations were confined within the linearly graded InxGai-xAs buffer,
which can be defined as a virtual substrate for the Ge layer. Moreover, the residual strain
within the top Ino.13Gao.87As (Ino.17Gao.83As) layer was minimised due to the nominal
accommodation of mismatch induced epitaxial strain via misfit dislocation formation and
subsequent dislocation glide, corroborating the previously discussed strain relaxation
properties for each InxGai-xAs virtual substrate. Similarly, the apparent absence of threading
dislocation propagation into the s-Ge active region suggests a good device quality in the
active region, further reinforcing the structural data found via reciprocal space mapping.
Hence, the composite GaAs and linearly graded InxGai-xAs is a buffer provided a high
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quality virtual substrate for the tunable tensile-strained Ge heterogeneously integrated onto
Si. Furthermore, high resolution lattiee indexing shown in Fig. 20 (c) (Fig. 21 (b)) revealed
the lattiee line extending uninterrupted between the e-Ge and Ino.13Gao.87As (Ino.17Gao.83As)
epilayers, indieating that the Ge in-plane lattiee eonstant was internally registered with the
in-plane lattiee eonstant of the Ino.13Gao.87As (Ino.17Gao.83As) strain template and
demonstrating pseudomorphic tensile-stained Ge epitaxy in good agreement with the X-ray
and Raman analysis'^^.

(C)

i

1I- ^

Ge
’

i
I,,-

IQI/ntn

In^ijCaggAs

f

/

20 nm

Figure 20. Structure analysis, performed in Virginia Tech, (a) Low-resolution cross-sectional TEM
micrograph of the 0.84% e-Ge/Iiio.isGao.sjAs structure on Si. (b) EDS map of (a) showing distinct, abrupt
boundaries between e-Ge (green)/ In0.BGa0.H9As and GaAs/Si (red) as well as In grading (blue), (c-f) Highresolution micrographs of the 0.84% e-Ge/Ino.BGao.mAs heterointerface and detailed lattice line indexing
(including FFT patterns) demonstrating the tensile nature of Ge with respect to the underlying Ino.j^GaomAs.

Figure 20 (d)-(f) and 21 (e)-(e) show Fast Fourier Transform (FFT) patterns representative
of the regions denoted by arrows. The indexing of these FFT patterns indicates that the
electron beam was parallel to the (Oil) orientation. Moreover, the FFT patterns obtained
from the s-Ge layer, e-Ge/InxGai-xAs heterointerface, and the InxGai-xAs layer are identical
and absent of diffraction peak splitting (satellite peaks), indicating the contribution of a
singular lattice parameter to the diffraction peak reciprocal spacing in the FFT field-of-view
and further validating the high quality, coherent epitaxial growth at the strained
Ge/InxGai-xAs interface. Accordingly, the cross-sectional TEM analysis suggests opticalquality film structures with atomically smooth interfaces, which is crucial to minimising
cavity losses in Ge-based photonic devices.
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To furher evaluate the atomic species profile across each heterointerface, energy dispersive
X-ray spectroscopy (EDS) was utilised to perform an elemental mapping of the £-Ge/
Ino.i3Cao87As heterostructure. EDS is a powerful technique that has been extensively used
for the analysis of the structural and chemical modulation of nanoscale heterostructures and
multilayer heterostructuresFigure 20 (b) shows the elemental mapping of the
8-Ge/ho.i3Gao.87As structure where the Ge layer (green) was found to be uniformly
distribited and the In layer (blue) exhibits a variable composition, as expected in the linearly
gradec Ir.xGai-xAs buffer layer, in addition to the composition profile of Si (red). The EDS
analysis exhibits a uniform and sharp heterointerface between the e-Ge and the Ino i iGao.s^As
layer, wi:h no apparent interdiffusion across any of the structure’s hetcrointerfaces despite
the increased thermal budget as a result of experiencing extended growth temperature
condit ors during the strained layer epitaxial growth of Ge. Therefore, the atomic scale
imaging and microstructural analysis feedback loop is necessary for the large-scale
heterointegration of tunable tensile-strained Ge on Si.

Figure 21. (a) Low-resolution cross-sectional TEM micrograph of the 1.12% e-Ge/InonGaoftiAs structure on
Si. (b)-(e, High-resolution micrograph of the 1.12%) Ino.nGao.HiAs/e-Ge/Ino.nGaoM^As heterointerfaces and
detailed Ic/tice line indexing (including FFTpatterns) demonstrating the tensile nature of Ge with respect to
the underlying InojyGao.ssAs.
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3.5. Energy gap analysis via
photoluminescence
Photoluminescence spectroscopy (PL) has been extensively used to investigate strainedinduced bandgap shifts,the competition between direct and indirect emission
characteristics,radiative and nonradiative recombination properties,and the ratio
between direct and indirect bandgap recombination with increasing strain in Ge^*. In this
work, low-temperature micro-PL (|i-PL) measurements were performed at 80 K utilising an
incident power density of 860 kW/cm^ and excitation wavelength of 800 nm. This high
power density is required to obtain a reasonable PL emission intensity*®^’*®^.

0.85 0.8 0.75

Ener^y^^eV)

0

0.6

0.55

Figure 22. (a) Photoluminescence spectra of Ge/AlAs under e=0 % biaxial tensile strain depending on
temperature, (b) peak energy (black line) and normalised integrated intensity (red line) versus temperature.

Figure 22 (a) depicts PL of sample A (Table 1), which is a sandwich Ge/AlAs/GaAs/Si. Ge
has a 0,05 % smaller lattice parameter than AlAs, so in this sample thick 240 nm Ge on
170 nm layer of AlAs has almost no strain 8=0 %. The peak of the emission fitted with a
Gaussian, at 80 K, corresponds to 0.727 eV (1727 nm).
This emission corresponds to L-valley transition, which according to calculations has energy
0.732 eV. With increase of temperature, there is a drop of intensity in Fig. 22 (b).
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corresponding to the activation of some nonradiative channels in the crystal structure. A
9.5 meV (23 nm) red shift of the PL spectra, as the temperature changes from 80 K to 240 K,
can be seen in Fig. 22 (b), corresponding to the energy gap dynamics. For sample A this
corresponds to temperature dynamics of the L-valley.
Energy (eV)
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Figure 23. (a) Photoluminescence spectra ofGaAs/Ge/Ino,i6Gao.s4As/GaAs under e=I.05 % biaxial tensile
strain depending on temperature, (h) peak energy (black line) and normalised integrated intensity (red line)
versus temperature.

Sample C (Table 1) is a sandwich of layers GaAs/Ge/Ino.i6Gaso.84As/GaAs with GaAs and
Ge layer thickness of 15 nm each. Assuming Ge lattice constant aGe=0.658
constant of Ini-xGaxAs

ainGaAs=6.0583-0.405x

A

A and a lattice

with x related to the Ga composition in

the Ini-xGaxAs there is biaxial tensile strain in Ge layer 8=1.05 %. This sample provided
bright PL emission, shown in the Fig. 23 (a). Peak of emission is at 80 K is at 0.687 eV
(1805nm). As one can see there is a 40 meV (98 nm) red shift in comparison to the sample
with no strain. This is expected according to the shrinking of the energy gap under tensile
strain. This can be explained via the compounding effects of strain-dependent gain
enhancement, prohibitively large energy separations between the L and T conduction band
minima, and momentum contribution to the indirect L-valley to light holes (Ih)
recombination path from exciton-generated longitudinal acoustic (LA) phonons. In the
former case, several theoretical^^ *®^’**^ and experimental'^’"* studies have demonstrated the
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effects of increasing tensile strain and doping concentrations on optical gain (or absorption)
in Ge films. In particular, Virgilio et al. concluded that for a fixed optical pumping power,
the absorption spectrum minimum (i.e., a(h(d)) at the sample’s surface trends approximately
linearly toward lower photon energies as biaxial tensile strain increases^^. The wavelength
dependence of the absorption coefficient in Ge films as a function of strain proposed by
Virgilio and co-workers is found to be in good agreement with prior experimental results'^’* *'
investigating the temperature- and strain-dependence of Ge optical absorption. From these
previous results, one would expect that the lower energy spectral features would exhibit
higher relative PL intensities when compared with the higher energy features, which is
observed in Fig. 26 for the samples with 0 % and 1.05 % of strain.
Energy (eV)
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Figure 24. (a) Photoluminescence spectra of Ge/Ino.24Gao.7(As under e=I.6I % biaxial tensile strain
depending on temperature, (h) peak energy’ (black line) and normalised integrated intensity (red line) versus
temperature.

Next sample E (Table 1) has a similar composition with some increase of strain. There is
Ge/Ino.24Gao.76As/GaAs with Ge layer thickness of 28nm. Biaxial tensile strain applied to Ge
in this case is equal to 8c=1.61 %. Center of emission at 80 K corresponds to 0.632 eV
(1963 nm). An interesting behaviour in the PL spectra is observed with increasing
temperature as seen in Fig. 24. The PL spectra red shifts to 0.619 eV (2002 nm) at 160 K
before blue shifting to 0.641 eV (1935 nm) as the temperature further increases to 290 K.
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Also noticeable in this figure is the broad nature of the PL emission for this sample. It has
been shown previously^' with increasing strain heavy holes (hh) transition starts to dominate
over light holes (Ih) due to higher electron-hole wavefimction coupling. Moreover it should
be mentioned that this strain corresponds to the indirect-to-direct bandgap transition point
for the Ge according to 30 band k-p simulation in Fig. 26 (b). The reasons for this blue shift
then include different charge carrier lifetimes inside the indirect L-valley and direct F-valley
as well as the presence of nonradiative recombination inside the structure. Defects inside the
structure strongly suppress emission from the indirect L-valley transition, due to the slow
recombination rate in the indirect channel. Indirect transition require a phonon for motion in
k-space. Probability of the two particles (an electron and a hole) overlapping spatially is
higher than that for 3 particles (an electron, a hole and a phonon), so transitions from the
direct F-valley have a faster recombination rate. In the case of leakage of charge carriers
through non-radiative recombination channels, direct bandgap emission is less affected than
indirect bandgap emission. Another point to take into account is that according to the FermiDirac distribution, at higher temperatures there is a broad distribution of energies of the
charge carriers and thus a higher possibility of recombination from levels above the energy
gap. If the F-valley is slightly above the L-valley, emission from the F-valley can become
more pronounced at higher temperature, and this is observed in Sample E here. Also we
should note that there are significantly more hh energy levels, so its emission should start to
dominate at higher temperatures. Similar results on the transition between indirect and direct
bandgap emission in Ge have previously been reported, but for much higher temperatures
than discussed
Sample F (Table 1) has a structure of Ge/Ino.29Gao.7iAs/GaAs with the highest concentration
of In in the buffer layer within this work. This concentration of In provides a biaxial tensile
strain of s=l .95 %. Center of PL at 80 K for sample F is at 0.742 eV (1670 nm). According
to the 30 band k-p simulation (Fig. 26 (b)) this emission corresponds to F-hh transition. It
has been reported that experimental collection geometries normal to the sample surface
(i.e. z) favour conduction band coupling with the hh valence band^'. High intensity of the
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emission indicated direct bandgap nature of emission. It blue shifts 40 meV (96 nm) at room
temperature, which corresponds to the temperature dynamics of the F-valley.
Energy (eV)
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Figure 25. (a) Photoluminescence spectra of Ge/AIAs under e=l.95 % biaxial tensile strain depending on
temperature, (h) peak energy (black line) and normalised integrated intensity (red line) versus temperature.

Spectra of the samples with varying tensile strain measured at T=80 K are summarised in
Fig. 26 (a) with intensity normalised to Sample F. It is clear that with increase of strain up
to 1.61% there is a red shift in sample emission, but for the sample with the highest highest
strain (1.95%) its emission energy is higher than that of the unstrained sample, indicating
transition not to Ih, but to hh. Also the sample with the highest strain has the highest emission
intensity, which is a feature of a direct transition. Figure 26 (b) compares the experimentally
observed bandgaps (symbols) with the predicted dependence of the low-temperature Ge
bandgap strain (solid lines) calculated using a 30 x 30 k-p formalism^^. Additionally, the
effect of decreasing e-Ge epilayer thickness
level quantisation is shown via the dashed

(toe)
(tce

on the e-Ge bandgap because of energy

= 40 nm) and dotted

(toe

=30 nm) lines.

Summarising the measured bandgaps were found to be 0.732 eV, 0.687 eV, 0.638 eV and
0.739 eV for 0 %, 1.05 %, 1.61 % and 1.95 % tensile strain, corresponding to L-lh and F-hh
transitions. This follows theoretical bandgap calculation at different strain, shown in Fig. 26
(b).
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Figure 26. Dependence of handgap on the biaxial tensile strain at 80 K. (a) PL spectra (h) Theoretical
handgap-strain dependence for Ge calculated using a 30 x 30 k-p model taking into quantisation-induced
handgap enhancement at decreased e-Ge layer thicknesses: solid line for hulk, dash-dot line for 40 nm
quantum well, dotted lined for 30 nm, dash-dotted for 15 nm. Blue and red lines corresponds to transition
from L— Ih and F-lh transitions; green and pink eorresponds to L- hh and F hh transitions respectively.
Grey points corresponds to PL peak values.

3.6. Direct band gap analysis via
photoreflectance
For a closer examination of the tensile strain effect on the direct handgap of Ge, the samples
were studied with photoreflectance spectroscopy. Experimenal PR spectra were fitted using
two models: TDLS and complex Airy discussed in Chapter 2.2. A high number of critical
energies could improve fit quality however could also generate artificial peaks which
compensate deviation of the model and experiment. To keep consistency between samples
with different strain we used minimum number of critical energies in all fits: two critical
energies to fit only major spectral features. In the end of this section, there is a simulation of
a PR spectra which includes all quantum levels of the 0.55-1.24 eV spectral range.
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TDLS fits of PR spectra of the samples A, B, D, E are shown in Fig, 27(a)-(d) respectively.
Since Seraphin-Bottka coefficients of a semiconductor are slowly changing with the
wavelength"^’"'* we used the same <p parameter for all critical energies within a fit. Figure
27 has experimental points with the fitted curve overlaid including separate lines for each
TDLS feature to indicate the contribution of each.

Wavelength (pm)

Wavelength (pm)

- 1.12 % (d) Sample E - 1.61 % biaxial tensile strain at 80 K, fitted with 2 TDLS functions. Open circles
correspond to the experimental data, red lines fit including 2 TDLSs, depicted in green and blue
respectively.

PR spectrum of the unstrained Ge sample A (Fig. 27 (a)) at 80 K provided a critical point at
0.889 eV, which is close to the theoretically expected value of F-hh transition equal to
0,881 meV . The critical point for the second TDLS feature was found at 1.183 eV, which is
close to the predicted split-off band at 1.177 eV. All PR critical energies are close to F-hh

53

anl split-off band transition energies obtained from k-p calculation (Fig. 29). The reason
wly r-hh transitions are seen rather than F-Ih originates from higher electron-hole coupling
foi heavy holes over light holes^' also mentioned in the PL discussion of sample E. For most
of he spectra, some spectral features are visible at the expected values of the F-lh transition,
hovever these are too faint to make a clear assignment of a signal from this transition or
ob ain a reliable fit.
These weak oscillations are particularly noticeable in Fig. 27(b) for the sample B with 0.84 %
of strain. Notwithstanding the possibility of sub-band transitions, these most likely originate
from Fabry-Perot oscillations of the light in the optical cavity created between the top and
botom edges of the sample structure. Thin layers create interference of the light which can
affjct the spectral shape

and in some cases can generate a destructive interference of the

PR signal. The absence of a signal corresponding to emission from the L-band in the PR
spectra of the thick unstrained Ge ( sample A) adds further credence to this hypothesis. With
increasing strain, the critical energy obtained from the fitting exhibits a red shift as expected
from the k-p simulation.
Sample D with Ge under 1.12% strain (Fig. 27(c)) was grown without a cap layer on top of
the Ge. Critical energies corresponding to F-hh and split-off band in this case are found to
be 0.780 eV and 1.033 eV. Capped samples C and F ((Table 1), as well as others not
presented in this work, did not give any detectable PR response from Ge. This originates
from the fact that perturbation of the semiconductor by the reflected laser light reduces
exponentially with the depth of the material. Besides that Ge PR response is created from
perturbation of the surface states of Ge which do not present in the capped samples.
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Table 2. TDLSfit parameters.

Sample

Strain,

Function

8 (%)
A

B

D

E

0

0.84

1.12

1.61

Amplitude,

Phase,

Broadening,

Energy,

C

tp (rad)

r(eV)

E(eV)

TDLS 1

-4.781e-08

3.798

0.05907

0.889

TDLS 2

2.882e-07

3.798

0.1617

1.174

offset

-2.236e-05

TDLS 1

2.546e-07

3.970

0.147

0.806

TDLS 2

2.212e-07

3.970

0.148

1.084

offset

-4.25e-05

TDLS 1

8.223e-08

3.704

0.131

0.780

TDLS 2

1.789e-08

3.704

0.078

1.033

offset

-2.680e-05

TDLS 1

1.454e-08

4.379

0.085

0.778

TDLS 2

1.162e-08

4.379

0.060

1.023

offset

-2.324e-05

The PR spectra of sample E (Table 1) with 8 = 1.61 % tensile strain are presented in Fig.
27(d). The critical points for this sample are at 0.778 eV and 1.023 eV. The spectral feature
in between these critical points could correspond to an additional critical point, however a
similar feature is observed in the unstrained sample A between T-hh and split-off band (Fig.
27(a)) with no sub-band transition that can be attributed to this energy. So deviation between
the theoretical model and the experimentally fitted data can be also attributed not to another
sub-band energy, but to imperfection of the TDLS model.
All fitting parameters for TDLS fits are summarised in Table 2
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Table 2. With an increase of strain, there is an expected red shift for the first critical point in
energy from 0.89 eV for the unstrained sample (sample A) to 0.78 eV for the 1.61 % tensile
strained sample (sample E).
Table 3. Airy fit parameters.

Sam

Strain,

pie

8 (%)

A

B

D

E

0

0.84

1.12

1.61

Function

Amplitude,

Phase,

Pertur

Batchelor,

Broade

Energy,

C (a.u.)

9

bation,

5 (a.u.)

ning,

E(eV)

(rad)

T (a.u.)

r(eV)

Airy 1

10.03e-04

2.965

0.06928

11.23

0.0501

0.8687

Airy 2

5.207e-04

2.965

0.06928

0

0.2844

1.170

offset

-2.559e-05

Airy 1

20.95e-04

1.706

0.1095

2.137

0.5292

0.7811

Airy 2

9.086e-04

1.706

0.1095

7.266

0.3495

1.081

Offset

-4.611e-05

Airy 1

3.073e-04

2.034

0.1555

11.09

0.1283

0.7786

Airy 2

-2.524e-04

2.034

0.1555

11.79

0.1224

1.039

offset

-3.264e-05

Airy 1

6.077e-04

1.972

0.06432

0

0.5670

0.7440

Airy 2

-11.64e-04

1.972

0.06432

25.53

0.4594

1.015

offset

-1.803e-05

Since TDLS model shows some deviation with the experiment Airy fit for the samples A, B,
D and E is also performed (Fig. 28 (a)-(d)). Similar to TDLS each fit was performed for 2
critical points. Since perturbation is the same for all energy levels, the r parameter for both
critical points is also equal. All Airy fit parameters can be found in Table 3. Comparing the
quality of TDLS and Airy fit one can note a better coverage of Airy fits for the Samples A
and E. There is almost no difference for the samples B and D. Critical points of Airy and
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TDLS fits in addition to R. peak points are shown on the top of theoretieally ealeulated band
energies in Fig, 29.

Wavelength (gm)

Wavelengti (gm)

Figure 28. Photoreflectance spectrum of Ge under e: (a) 0 % (h) 0.84 Vo (c) 1.12 % (d) 1.61 % biaxial tensile
strain at 80 K, fitted with 2 Ary functions. Dotted lines corresponds to the experimental data, red lines - fit
including 2 Airy functions, depicted in green and blue respectively.

TDLS eritieal points of the samples A, B, D, E follows the trend of the theoretieally
ealeulated T-hh in Fig. 2). In addition to this PL peak of the sample F follows the trend of
the PR critical points. Tiking into account increase of PL intensity (see Fig. 26) this gives
an additional confirmatioi of the direct bandgap nature of PL emission from the sample with
the highest strain.
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Figure 29. Theoretical handgap-strain dependence for Ge calculated using a 30 x 30 kp model taking into
account quantisation-induced handgap enhancement at decreased e-Ge layer thicknesses for 40 nm, 30 nm
and 15 nm quantum wells. Experimental peaks given by PL and PR data are shown as circles over
theoretically predicted transitions from / ’- and L- valley to light (Ih) and heavy (hh) holes.

The photoreflectance spectrum contains information on all critical points of the band
structure. Due to quantum confinement in the thin Ge layer, electron and hole energy levels
are situated not at the band edge, but at a number of sub-band energy levels. This affects the
quality of fitting in Figs. 27 and 28. To make a PR model that includes all quantum energy
levels, the TDLS parameters for all sub-bands are calculated directly. The optical coupling,
given by the square of the momentum matrix element between the electron-hole wave
functions is used as a relative amplitude parameter for each critical point. Density of states
(DOS) is related to charge carriers lifetime and thus is taken as a broadening with a general
scaling coefficient for all sub-band energies. Sub-band energies, DOS and broadening
(Fig. A1 in Appendix A) are calculated for 40 nm quantum confinement for e=0.84 % biaxial
tensile strain and for 30 nm quantum confinement for 8=1.12 %. Phase parameters are
calculated from Seraphin-Bottka coefficients (Fig. A2 in Appendix A), assuming equality of
terms in Airy and TDLS functions. The resulting TDLS functions are obtained from the
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model and are depicted in Fig. 30. As seen from those graphs PR model of 0 %, 0.84 % and
1.12 % of biaxial tensile strain corresponds to experimental Samples A, B and D (Table 1).
There are number of assumptions done during this simulation, such as ideal surface of Ge
quantum well, homogeneous strain within Ge layer as well as general TDLS simplifications.
We also simulated Seraphin Bottka coefficients without including quantum constrains. This
simplifications effect on the simulation quality, however this simulation gives number of
features visible in the experimental spectra and has quality comparable with the other"^. I
should also mention certain deficit of PR spectra simulations even though PR spectra require
careful interpretation.
Wavelength (^m)
2.2

2

1.8

1.6

1.4

Wavelength (gm)

1.2

2.2 2

2.2

1.8

1.6

1.4

2

1.8

1.6

1.4

1.2

1.2

E(eV)

Figure 30. Full photoreflectance spectra simulation on the top of experimental data for (a) unstrained
sample (h) e=0.84 % model over sample D spectra (c) £=1.12 % model over sample E spectra. F-lh, l -hh
and split-off sub-band transition energies are depicted as a vertical dashes.
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3.7.

Conclusions

In summary, tunable tensile-strained Ge heterogeneously integrated on Si using composite
GaAs and linearly graded InxGai-xAs buffers grown by solid source molecular beam epitaxy
opens the opportunity for strain-engineered group-lV based photonic devices on Si, Sharp
heterointerfaces between each e-Ge epilayer and the respective InxGai-xAs virtual substrate
were achieved, as demonstrated by high-resolution cross-sectional transmission electron
microscopy. At lov/ strain, low-temperature microphotoluminescence (p-PL) measurements
demonstrated optical transitions between the electrons in the L valley and light-holes (Ih),
while at high strain, transitions between the electrons in the f valley, the heavy-holes (hh)
are dominant. Photoreflectance study provided I'-hh transition energy evolution with
increase of strain. Furthermore, the optical measurements demonstrated an effective, straininduced bandgap modulation, with up to 1,95 % strained Ge layers supported with k p
model. This is the first experimental and comprehensive study of biaxial tensile strainengineered epitaxial Ge layers heterogeneously integrated on Si in addition to being the first
reported study of emission for both the direct and indirect valley in tensile-strained Ge.
Consequently, the tunable tensile-strained Ge materials growth, structural and optical
properties, and band-offset parameters pave the way for the realisation of novel Ge-based
photonic devices integrated on Si.
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Chapter

4

GeSn as a material for silicon integration
4.1.

Introduction

Highly doped, tensile strained Ge results in enhanced direct gap light emission, but due to
raising of the Fermi level, the doping levels and induced strain required are not practical for
many post-CMOS devices. III-V compound semiconductors, e.g. InP, GaAs, InAs etc., offer
a solution for integrating direct bandgap materials as on-chip optical components or TFET
devices onto Si platforms. However, the monolithic integration of group IV alloy materials
is expected to lead to lower costs and higher reliability than hybrid Ill-V-on-Si
approaches*'^. Besides the tunable direct gap, group IV alloy systems have also been
predicted to exhibit high electron and hole mobility and low carrier effective masses, making
them ideal material platforms for co-integration of optoelectronic and high speed electronic
devices"^.
Considering group IV elements, moving from Si to Ge to Sn, the conduction band from
indirect bandgap at Ar=0 drops in energy until, in grey tin, the material acquires a direct (and
vanishing) bandgap at A:=0"^. A direct band system from group IV elements is likely to
require the presence of Sn'^^’*^'. In particular for Ge, the small energy separation between
the indirect (L) and direct (F) conduction band valleys can be overcome by alloying with Sn.
Theoretical modelling'^^ as well as photoluminescence experimental studies'^^ have found
unstrained Gei-xSnx transition to a direct bandgap material at an alloy composition of no less
than 6.5 % of Sn, although some contradiction regarding this value exists "7,124,125^
range of Sn incorporation to obtain a direct band transition predicted to be between 6.5-10 %.
Direct bandgap group IV alloys, particularly Gei-xSux nanoscale materials with sufficient Sn
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incorporation, will be beneficial for the development of fast electronics, optoelectronics,
midinfrared sensing and 3rd generation photovoltaics'^’^^.
Ge is a group IV material and can be alloyed with other group IV materials: Si, C, Sn, Pb.
Diamond C has a very high energy gap (3 eV) and is expensive; Si is indirect as is Ge, so
SiGe cannot be used as an efficient light emitter. So both Sn and Pb have potential for the
development of direct bandgap in Ge.
Group IV one-dimensional nanoscale systems is critical for strain-free advancement of
silicon compatible device modules. This chapter describes the fabrication of uniform
diameter, direct bandgap Gei-xSnx alloy nanowires, with a Sn incorporation up to 9.2 %,
through a conventional catalytic bottom-up growth paradigm employing innovative catalysts
and precursors. Sn inclusion in the Ge nanowires far exceeded the equilibrium solubility (~
1 %) of Sn in bulk Ge. The addition of an annealing step close to the Ge-Sn eutectic
temperature (230 "’C) during cool-down, facilitated the excessive dissolution of Sn in the
nanowires. Sn was uniformly distributed throughout the Ge nanowire lattice, as determined
by atomic resolution energy electron loss spectroscopy, with no metallic Sn segregation or
precipitation at the surface or within the bulk of the nanowires.
Fundamental challenges (low solubility, metallic Sn segregation, lattice mismatch etc.)
restrict the growth of Sn-based Si and Ge alloys with a high Sn content (> 8 %) in any
nanoform, e.g. thin film, nanowire

.

In recent years, considerable effort has been

employed to grow Gei-xSrix films on Si substrates, where the lattice mismatch with Si is fully
relieved by periodic misfit dislocations annihilation at the interface of the film and the
substrate

Recent advances in chemical vapor deposition (CVD) techniques have made it

possible to grow binary Gei-xSux and ternary SixGeySni-x-y group IV thin film semiconductor
alloys using low temperature epitaxy'Low temperature (< 400 ®C) non-equilibrium
thin film deposition techniques are generally suitable for the growth of a compressively
strained Ge/xSth layer on an epitaxial unmatched substrate, often leading to indirect bandgap
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alloys. However, minimal effort has been applied to fabricate group IV direct bandgap
materials in one-dimensional (ID) nano form to keep track with the miniaturisation of Sibased nanoelectronics and to take advantage of their 1D geometry for new age FET devices
(fmFET, gate-all-around (GAA) FET etc.). Direct bandgap alloy nanowires with a low
effective mass are predicted to provide improved device performance over their planar
counterparts; nanowire devices have a circular geometry, a confined-volume body and a gate
that wraps around the nanowire potentially providing excellent electrostatic control over the
channel. Also confinement effects in nanowires may enhance tunnelling probabilities in 1D
systems with a suitability for integration in TFET devices and/or on-chip lasers.
Top-down processing to fabricate good quality (single crystalline, straight, uniform diameter
nanowire with no Sn segregation) Gei-xSrix nanowires is limited due to under-developed
surface and etch chemistries, although encouraging results (with ~ 8 % Sn incorporation)
were recently reported on the fabrication of suspended GeSn nanowires through competitive
etching between Gei-xSrix and Ge layersUsing bottom-up growth paradigms, Ge
nanowires were synthesised by utilising low melting point Sn metal catalysts without a
dynamic Sn-source, but the incorporation of significant amounts of Sn into the Ge host lattice
was not reportedBased on thermodynamic limitations, a non-equilibrium growth
scenario influenced by the kinetics of the system is required to incorporate a sufficient
amount of Sn into a one-dimensional Ge lattice. In this thesis, we report for the first time the
application of a three phase bottom-up growth protocol to fabricate highly crystalline,
uniform diameter, direct bandgap Gei-xSrix nanowires with considerable (jc > 0.09) Sn
incorporation. Third party metal catalysts (Au or AuAg alloys) were used to guide the nonequlibrium incorporation of Sn adatoms into the precipitated Ge bi-layers, where the
impurity Sn atoms become trapped with the deposition of successive layers, thus giving a
high Sn content in alloy nanowires. The presence of foreign metal catalysts also permits the
use of relatively high growth temperatures (440 ®C) resulting in the formation of high quality
crystalline nanowires.
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4.2.

Nanowire growth

Participation of Au and AuAg alloy seeds in the bottom-up growth of Ge nanowires has been
well documented by in the Nanochemistry group of University College Cork (UCC)'^'’"^-^^,
where sample structures were synthesised. Similarly, for the growth of Gei-xSih nanowires,
dodeeanethiol-stabilised phase pure Au and AiioMgo.i alloy nanoparticles have been used.
The choice of Au and AuAg catalysts and the growth temperature was driven by the Au-Ge
and Au-Ag-Ge phase diagrams
using AuAg catalysts

where a faster growth rate of Ge nanowires is expected

A faster Ge growth rate provides the opportunity to incorporate

more Sn into the Ge lattice, with less chance of segregating on the surface or within the
bulk'^. At our growth temperature (440 ^C) Au-Sn or Ag-Sn phase diagrams predict the
formation of eutectic liquid alloys (Au-Sn-Ge or AuAg-Sn-Ge) with enormous (10%) Sn
intakes, without any window for the precipitation of a Sn layer*^^. Colloidal nanoparticles
were synthesized by co-reducing a mixture of chloroauric acid (HAuCU) and silver nitrate
(AgNOs) in a chloroform/water biphasic solution''^*^ The catalyst nanoparticle coneentration
in each case was fixed at 40 mole cnr^. Metal nanoparticles were spin-eoated onto a Si (001)
substrate and dried at 180 °C under vacuum, leading to the desorption of the surfactant
molecules from the surface of the particles and then loaded into a stainless steel micro reactor
cell, connected to metal tubing. A liquid injection chemical vapor deposition (LICVD)
technique, using toluene as the solvent phase, was adopted for growing the Gei-xSux
nanowires at 440 °C on the surface of Si (001) substrates, performed in UCC.
Diphenylgermane (DPG) was used as the Ge source whereas allyltributylstannane (ATBS)
was used as the tin preeursor. Similar decomposition kinetics and solubility of the tin and
germanium precursors provoked the choice of DPG and ATBS, where the Sn precursor has
a slightly higher boiling point (-360

at atm. pressure) than the Ge precursor (~ 325

at

atm. pressure). Solutions of DPG and ATBS in anhydrous toluene were prepared in an N2
glove box with a typical Ge precursor concentration of 5 pmole ml'‘ and varying Sn
coneentrations. The concentration of DPG in toluene was fixed at 5 pmol ml"' whereas tin
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precursor concentrations were varied from 0.5-1 pmol ml ' for the incorporation of different
amounts of Sn in the Gei-xSth nano wires. A precursor solution was loaded into a Hamilton
sample-lock syringe inside a nitrogen-filled glovebox. Prior to injection, the coated Si
substrate was annealed for 15 min at 440 ”C under a flowing H2/Ar atmosphere inside a tube
furnace. The precursor solution was then injected into the metal reaction cell using a high
pressure syringe pump at a rate of 0.025 ml min'*. A Hz/Ar flow rate of 0.5 ml min"' was
maintained during the entire growth period. A typical nanowire growth time was 2 h. An
additional annealing step was also introduced during the cool down process where the
substrate was kept at 220 ”C for 2 h under a H2/Ar flowing atmosphere. The reaction cell
was allowed to cool to room temperature and disassembled to access the growth substrate.
Nanowires were washed with dry toluene and dried under N2 flow for further
characterisation.

4.3.

Characterisation methods

Bottom-up grown Gei-xSnx nanowires were imaged on an FEI Helios NanoLab 600i scanning
electron microscope (SEM). All energy dispersive X-ray (EDX) measurements were
recorded in high angle annular dark-field (HAADF) mode in the FEI Helios NanoLab 600i
operating at 20 kV and 1.4 nA with an attached Oxford X-Max 80 detector. Transmission
electron microscopy (TEM) analysis was carried out in a JEOL JEM-2100 operating at 200
kV in bright field condition for imaging. High resolution scanning TEM imaging and energy
electron loss spectroscopy (EELS) mapping was performed using a Nion UltraSTEMlOO
microscope, operated at 100 kV. Probe-forming optics were adjusted to deliver a 0.9

A

probe, with 120 pA beam current and 31 mrad convergence semi-angle. EELS data was
acquired on a Gatan Enfina spectrometer, at 1 eV per channel to capture both the Sn and Ge
edges simultaneously. As a result, the effective energy resolution was limited to 2.5 eV by
the detector point spread function (approx. 3 pixels), even though the cold field emission
gun of the instrument had a native energy width of 0.35 eV in the operating conditions.
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Raman scattering measurements were performed in a backscattering geometry using a
micro-Raman setup consisting of a spectrometer (model Lab RAM HR, Jobin Yvon) and a
Peltier-cooled charge-coupled device (CCD) detector. An air cooled He-Ne laser of
wavelength 633 nm was used as an excitation source.

4.4.

EDX characterisation

The composition of the nanowires and the distribution of elements within them were
estimated through Energy Dispersive X-ray (EDX) point measurements and by elemental
mapping. For nanowires grown from pure Au catalysts, the amount of Sn in the injecting
solution was varied from 10-20 %, resulting in a gradual increase in the actual Sn
concentration in the nanowires.

Figure 31. SEM image, performed in UCC of nanowires grown from a Au catalyst and with (a) 15 % and
(b)20 % Sn injecting solution fa) Nanowires morphology remains intact after a step cool down process at
230 "C. (h) Nanowires shows spherical clusters due to homogeneous nucleation of Ge and Sn. Also a
bimodal distribution in the nanowire diameter was obserx’ed with the high Sn precursor solution.

Very low amounts of Sn (mean concentration of ~1.5 %) was determined in nanowires using
an injecting solution of 10 % Sn. Increasing the Sn concentration in the injecting solution to
15 and 20 % resulted in the incorporation of Sn in the nanowires at levels of 6 and 9 %
respectively. These values of Sn concentrations are much higher (almost 6 and 9 times) than

66

the extrapolated bulk equilibrium solid solubility of Sn in Ge'^. Although a higher
assimilation of Sn in the Ge nanowires was achieved with an injection solution of 20 % Sn,
this high Sn concentration also resulted in homogeneous nucleation of metallic Sn as
spherical clusters (see Fig. 31).Hence, under our reaction conditions, an initial Sn
concentration of 15 % was determined to be ideal to obtain Gei-xSux nanowires with
substantial Sn incorporation and with negligible secondary nucleation of unwanted spherical
particulates in the sample. With the aim of including more Sn into the ID Ge lattice,
Auo.9(Ago.io alloy nanoparticle catalysts were used as seeds rather than pure Au, as the alloy
seeds have been previously shown to favour faster growth kinetics for phase pure Ge
nanowire growth'^.
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Figure 32. EDX spectrum recorded from the seed and body of an alloy nanowire (selected from the sample
with 9.2 % average Sn incorporation) showing the presence of both Ge and Sn.

To avoid spherical metallic Sn clusters in the sample, injection solutions with 15 % of Sn
were employed. A slight increase in the Sn incorporation in the Ge nanowires from 6.0 (±0.5)
to 6.6 (±0.6) % was observed when using AuAg alloy rather than pure Au seeds respectively.
For an accurate estimation of the amount of Sn included in each nanowire sample, point
EDX measurements were performed on 50 different nanowires and mean values computed.
An example of a point EDX measurement taken of a Ge/.xSux nanowire grown from a AuAg
seed is shown in Fig. 32. The distribution of Sn in the alloy nanowires grown with AuAg
seed was uniform along the length and width of the nanowires, without any segregation near
the catalyst-nanowire interface or at the nanowire surfaces (Fig. 33 ). Elemental EDX
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mapping fiom an AuAg seeded Gei-xSfix nanowire also confirms uniform Sn distribution in
the entire ranowire volume (Fig. 33 (b)).
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Figure 33. EDX scan of a Gei-xSth nanowire with a 6.3 % concentration ofSn grown from a AuAg catalyst,
performed in UCC. (a) Scan along the length of a nanowire shows the uniformity of the Sn distribution
throughout the nanowire length, (h) Radial concentration profde of Ge (red) and Sn (cyan) shows no
segregation of Sn at or near nanowire surface.

The uniform axial and radial distribution of Sn and the minimal tapering of our nanowires
also rules out the diffusion of Sn through the nanowire sidewalls as a possible incorporation
mechanism. The strong incorporation and uniform distribution of Sn atoms confirms the
continuous dissolution of Sn atoms throughout the growth process at the seed-nanowire
growth interface. To achieve a higher concentration of Sn in the

Gei-xSnx

nanowires, a ‘step

cooling’ method was utilised, where the initial injection of the solution at the growth
temperature (440 “C) was followed by an annealing step for 2 hr at 230

during the cool

down. Motivation to introduce step cooling at 230 "C was driven by two reasons: a small
window in the Sn rich side of the Ge-Sn concentration at 230

(Fig. 34(a)) and a bulk Ge-

Sn eutectic temperature around 230 “C. This step cooling technique further forces a colossal
amount of Sn, with an average concentration of 9.2 (±0.8) % (with an AuAg growth promoter
and 15 % Sn injecting solution), into the nanowire while keeping the nanowire morphology
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intact (Fig. 31 (a)). A plot showing the mean Sn concentration in Gei-xSux alloy nanowires
as a function of different growth eonditions can be seen in Fig. 34 (b).

Annealing temperature (°C)
Figure 34. EDX concentration profile ofSn for different nanowires samples (a) with different catalysts and
growth conditions(b) at different step cool-down temperatures. The highest Sn incorporation was obser\>ed at
230 "C.

To confirm the homogeneity of Sn dissolution in the nanowires, i.e. to rule out the formation
of Sn precipitates or cluster formation in the core or on the surfaces of the nanowires, EDX
elemental mapping was performed on Gei-xSux nanowires with the highest Sn doping, i.e. a
mean concentration of 9.2 %. Elemental mapping of a nanowire with a Sn eoncentration of
9.4 % is shown in Figure 35 (a). The elemental maps show a homogeneous distribution of
Sn in the core of the nanowire without any surface segregation or precipitation near the seed
nanowire interface after step annealing at 230 ®C. A high density of Sn was observed at the
spherical tips of the nanowires, as confirmed from EDX mapping in Fig. 35 (a) and the point
EDX scan in Fig. 35 (c), confirming the participation of a Sn rich alloy seed (Sn alloyed with
Au or AuAg) in VLS nanowire growth. An elemental EDX linescan of Ge and Sn along the
nanowire axis elearly demonstrated the homogeneity of Sn incorporation along the nanowire
length even after the step annealing process, thus confirming the continuous dissolution of
Sn throughout the nanowire length (part of Fig. 35 (b)). The uniformity of Sn dissolution in
the alloy nanowires at the highest average Sn eoncentration was further eonfirmed through
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EDX point scans at different lengths along the nanowires (Fig. 33 (a)). Even the radial Sn
concentration detected by EDX demonstrates (Fig. 33 (b) shows the radial line profile for a
nanowire selected from the sample with highest Sn content, i.e. with stepdown cooling) a
flat Gaussian profile (“U” shape profile indicates surface segregation), thus again indicating
uniform distribution of Sn without any clustering of Sn near nanowire side facets.

Figure 35. EDX analysis of Gei-xSnx nanowires, performed in UCC. (a) Dark field HAADF image and EDX
mapping for Ge and Sn in a Gei-xSth nanowire with 8.8 .% of Sn. HAADF image with the uniform
distribution of Ge and Sn and Sn rich catalyst is confirmed from EDX mapping and also from EDX linescan
in part (b). Part (c) shows the composition of a Sn-rich tip for an Au-seeded nanowire with 6 % average Sn
inclusion.
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4.5.

STEM and TEM characterisation

Both Au and AuAg nanoparticles successfully eatalysed the growth of Ge nanowires after a
2h time period, as determined by scanning electron microscopy (SEM), see Fig. 36 (a) and
(b).

Figure 36: Morphological examination of alloy nanowires with SEM performed in UCC. SEM images of
catalyzed Gei xStix nanowires grown using 15 % of Sn containing solution with: (a) Au (b) Auo stiAgo.io
catalysts. TEM image in (c) confirms the participation of VLS growth mechanism with dark-contrast
spherical seed at the tip of the nanowire with AuAg catalysts from precursor solution containing 15 % Sn.
HAADF STEM image in the inset confirms uniform nanowire diameter along the length with negligible
tapering.
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The absence (or very little amount) of particulate deposits, as a byproduct, on the nanowire
surfaces and within the samples in general verifies the controlled growth of the nanowires.
The grown nanowires were straight without any observed kinks, bends or curling. A Ge and
Sn precursor mixture containing 15 % Sn was used as the injection solution for the growth
of the nanowires shown in Figures 36 (a) and (b). The lengths of the nanowires grown from
both Au and AuAg seeds were in the order of 1-3 pm, whereas their diameters were between
30-70 nm; with a mean diameter of 45.3 and 38.5 nm for Au and AuAg-seeded nanowires
respectively. Similar growth constraints can be used for the fabrication of phase pure Ge
nanowires from Au and AuAg seeds, can yield longer nanowires with length scales
> 100 pm'^^.
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Figure 37. SEM image of nanowires grown without a foreign metal catalyst (Au or AuAg) showing tapered
nanowires with thicker top and thinner bottom sections, with 7.5 pL (15 %) ofSn precursor in the injecting
solution performed in Tyndall National Institute. Nanowires are much shorter than the Au or AuAg seeded
growth after a 2 h growth time with lower Sn incorporation (~ 3.5 %). Darlfield STEM image in inset shows
the tapered nature of the nanowires. Self-seeded growth of Gei-xSux occurs near equilibrium. The droplet
volume expands during nanowire growth as the expansion of the Sn catalyst droplet is much faster than the
Sn incorporation rate from the seed to the nanowire. Expansion in the volume of the Sn catalyst droplets
during growth drives the tapering of the nanowires. The combined effect of slow growth kinetics of the Ge
nanowires from self-catalytic Sn seeds and the continuous expansion of the triple-phase interface, due to a
constant Sn flux, encourages prominent tapering in the nanowires without any Au or AuAg growth promoter.

The bright-field TEM image in Fig. 36 (c) confirms the participation of catalytic VLS
nanowire growth, as the dark-contrasted partially spherical metal seed can be seen at the tip
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of the nanowire in the image. A thin amorphous shell can also be observed on top of the
nanoparticle seed, but the nanowire diameter is determined by the dimensions of the metal
seed at the tip. A flat interface was observed after growth between the nanoparticle seed and
nanowire, without any lateral side facets at the tri-junction. Metal seeds at the nanowire tips
were pinned at the interface, where the contact angle between the interface and the edge of
the seed is relatively larger than in the growth of Ge nanowires with Au or AuAg seeds,
due to the relatively low surface energy of Sn rich metal catalyst seeds.
Participation of different growth regime with foreign Au and AuAg metal catalysts was
confirmed by the fact that nanowires synthesised without any noble metal seeds; i.e. selfseeded growth from Sn seeds, resulted in the formation of very short nanowires (200-300
nm in length), with prominent tapering from the seed-nanowire interface to the very end of
the nanowire (Fig. 37).
Impurity atoms (Sn in our case) in nanowires can induce structural defects, such as twins
and stacking faults and these defects can act as preferential sites for subsequent impurity
accumulationIn other scenarios, pre-formed stacking faults in nanowires due to interface
engineering, can also act as preferred sites for the segregation of foreign atoms from catalyst
nanoparticles’'^^. Hence, it is very important to probe the structural quality of the alloy
nanowires to estimate the mode for impurity incoiporation in Ge. Also nanowires with
defects are not suitable for nanoelectronic devices as stacking faults and twin boundaries can
encourage electron scattering*"^^.
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Figure 38: Structural study of alloy nanowires with HRTEM and STEM performed in UCC. (a) HRTEM
image of highly crystalline Gei.^Snx nanowire (9.1 % Sn incorporation). FFT pattern in the inset confirms the
crystallinity and growth orientation of the alloy nanowire, (b) Lattice resolved STEM HAADF image
recordedfrom the core of the alloy nanowire showing the single crystalline nature with an inter-planer
spacing of 0.31 nm. (c) High resolution HAADF image of a seed-nanowire interface (magnified image in the
inset) shows abrupt catalyst-nanowire interface with no precipitation of metallic Sn.

A bright field high-resolution transmission electron microscopy (HRTEM) image
(Fig. 38 (a)) confirms the high crystallinity of a single

Gei-xSux

nanowire with a 9.2 % Sn

incorporation and with a 23 nm amorphous oxide coating. An interplanar spacing between
(111) planes in the nanowire were measured to be 0.323 nm, which is very close to the “^Z”
value for bulk diamond Ge crystal (JCPDS 04-0545). Fast Fourier transform (FFT) analysis
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showed a pseudo hexagonal symmetry and the reflections can be assigned to the high-order
Laue zone diffraction of (111) and (002) planes in group IV crystals
Figure 38 (b) shows a high resolution STEM image of another nanowire from the sample
(with the highest Sn incorporation) using the HAADF mode. The image was recorded with
(110) zone axis alignment and showed a lattice spacing of 0.31 nm, which matches closely
with 3C-Ge. Generally, the crystal structure of the Gei-xSux alloy nanowires, with various Sn
incorporations, exhibited a bulk diamond cubic crystal structure with a 3C lattice
arrangement without any stacking faults and twin boundaries, with (111) being the dominant
growth direction. Although there is a large lattice mismatch between the components (Ge
and Sn) of the alloy,the epitaxial mismatch in the nanowires is compensated by elastic
deformation near the hetero-interface and relieved at the nanowire surfaces,thus
maintaining highly crystalline nanowires. The liquid eutectic catalyst at the tip of the
nanowires can also naturally accommodate elastic strain. Bright-field STEM imaging
(Fig. 38 (c)) of the interface between the Gei-xSrix nanowires and the metallic tips confirmed
the sharp nature of the interface, with no tailing effect or segregation of metal at the interface.
For STEM imaging, stacks of images were acquired sequentially at high scanning speed to
minimise drift and instabilities and were aligned and summed for a high signal-to-noise ratio.
An atomic-resolution HAADF image of a catalyst-nanowire interface area is indicated by
the blue box in Fig. 38 (c). The sharp contrast in the HAADF intensity at the interface clearly
suggests the abrupt nature of the interface without any metallic-Sn segregation. A lattice
spacing of 0.26 nm was measured at the metallic tip which is relatively close to metallic Sn
(JCPDS cards #04-0673), thus further confirming the formation of a Sn rich alloy at the tip.

4.6.

Photoluminescence characterisation

As there are contradictions in the literature regarding the amount of Sn needed in Gei-xSux
thin films and bulk alloy to obtain a direct bandgap, it is essential to look into the band
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structure of strain free bottom-up grown Gei-xSux alloy nanowires. Bandgap information on
Gei-xSux alloys can be extracted through photolumineseence (PL) measurements at low
temperature. A PL study to probe the bandgap charaeteristics of GeixSih nanowire samples
was eonducted at temperatures ranging from 80 to 300 K, using a liquid nitrogen eryostat.
PL spectra of two nanowire samples (with an average Sn eoncentration of 6 and 9.2 %) are
shown in Figs. 39 (a) and 40 (a). The PL spectrum for the nanowire sample with the relatively
low Sn content (~ 6 %) exhibited a broad spectrum which corresponds to defect emission,
with a bandgap energy varying from 0.635 eV at 80 K to 0.66 eV at 300 K. Inhomogeneity
in nanowire dimensions, mentioned in the previously chapter, result in a different level of
quantum eonfmement in the nanowires. Another feature, resulting in increased spectral
broadening, is inhomogeneity in Sn concentration.
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Figure 39. GeSn nanowires with Sn composition of 6 Vo at temperatures from 80 K to 300 K. (a) PL spectra,
(h) Bandgap energy, found as a center of mass of PL in plotted in black and normalised integrated intensity
plotted in red.

Combining both these features results in very broad emission of ~200-350 nm in the
measured luminescence. Low density of states for at low energy levels, typical for high
quantum confinement of charge carriers, result in fast saturation of low energy states. This
is a reason why the peak of the PL spectrum, at 300 K, is observed at a relatively high energy
of 0.66 eV (Fig. 39 (a)). One can assume this emission is from bulk Ge, however samples
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manufactured with 0 % Sn composition did not show any luminesence, providing further
proof to the original hypothesis. Spatial orientation, quantum confinement effects and
internal strain in nanowires can strongly impact electronic band structure and bandgap
bowing,*'*^ thus detailed PL studies are needed to further confirm the nature of emission and
electronic band structure of the alloys at the nanoscale. An increase of peak energy with
increasing temperature correlates well with other reported results, studying phonon assisted
emission in indirect Ge*^. Emission at 80 K corresponds to 0.63 eV, which is 0.1 eV lower
than expected from the bulk material (-0.73 eV). A blue shift of emission indicates close
indirect-to-direct band crossover, similar to the feature in the PL spectrum of highly tensile
strained Ge discussed in Chapter 3.5. Notably this type of behaviour was found for different
band designs of Ge. PL of this sample above 160K has low intensity and peak position
becomes meaningless for interpretation.
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Figure 40. GeSn nano wires with Sn composition of 9.2 % at temperatures from 80 K to 300 K. (a) PL
spectra, (b) Bandgap energy, found as a center of mass of PL in plotted in black and normalised integrated
intensity plotted in red.

Nanowire samples containing a high Sn content (-9.2 %) exhibited a single peak PL
emission (see Fig. 40 (a)), with center at 2046 nm (band gap Eg - 0.606 eV) and a relatively
narrow linewidth -100 nm in comparison to the PL (Fig. 39 (a)) of the low Sn (-6 %)
nanowire sample. The narrow linewidth of the PL emission indicates emission from F
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point^^. Increasing the amount of Sn in Gei-xSnx alloy nanowires, resulted in the reduction of
the bandgap energy difference between the direet and indirect transitions; which is
approximately 0.14 eV in bulk Ge. Typieally, a PL emission with a broad linewidth is
observ^ed in indirect bandgap alloys with high Sn content due to the amalgamation of the
indirect valley and the direct peak into a single broad emission. However, for our Gei-xSrix
nanowires, with 9.2 % Sn incorporation, the direet band-to-band transition resulted in a
narrow PL emission, compared to the broad emission from Gei-xSux alloy nanowires
incorporating 6 % Sn. A narrow linewidth signifies emission from only the direct bandgap
transition rather than unification of both direct and indirect transitions. With increase of
temperature to 160 K there is a significant drop of PL intensity due to activation of
nonradiative channels as well as inerease of broadening according to Fermi-Dirac statistics
of charge carriers. Both these reasons explain the reduetion in resolution of the energy peak
position, resulting in broad distribution of peak points at high temperatures.
A shift (-0.24 eV) in the PL maximum to a lower energy was also observed in the PL at 80K
with the increase in the average Sn concentration from 6 to 9.2 %. The position of the
maximum in the direct energy emission from the Gei-xSux nanowire matches well with the
reported emission from alloy thin films and disks with similar Sn incorporation
(8-10 %)>23,i33,i47,i48 ^ slight bluc shft is observed in the PL peak of the Gei-xSux alloy
nanowires in comparison to the reported in the literature indieate the presence of quantum
confinement effect inside the nanowires. We also observe a red shift with an increase of
temperature for Gei-xSux nanowires with 9.2 % Sn composition, which highlights a reached
crossover for direct f transition.
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4.7. Mechanism behind impurity
incorporation
Gei-xSrix

nanowires fabricated with Au and AuAg catalysts at 440 “C showed considerable

incorporation of Sn in the range around 6-9 %, much beyond the bulk equilibrium solubility
(~1

The incorporation of Sn in the Ge nanowires through nanowire sidewalls due to

homoepitaxy and vapor-solid growth is negligible, as the nanowires were not tapered and
demonstrated a uniform radial Sn distribution, as determined by EDX line-profiles
(Fig. 33 (b)). A U-shape line profile with a larger Sn concentration at the edge of the nanowire
would have been observed for sidewall Sn incorporation. Size dependent corrections to the
bulk phase diagram due to the influence of capillary forces and stress at the
nanoscale'^^’*'^^’'^® results in significant undercooling of the liquid droplet and can in
principle alter the equilibrium content of Sn in Ge. Calculations of the nanoscale equilibrium
content of a solid impurity in 1D lattice, taking account of surface anisotropy and elastic
stress, do not support a large dissolution of impurity atoms much beyond the equilibrium
solubility* ^ ’. Careful analysis of the Sn-rich portion of the ternary AuGe-Sn phase diagram *
shows that for our growth conditions, at equilibrium the Sn-rich (> 90 %) droplet has a
Ge:Au ratio of close to unity and the growth should occur via the invariant reaction U4: L +
AuSn2

Gei-xSnx + AuSn4 mediated by the formation of AuSn intermetallic phases. We did

not observe the presence of these intermetallic phases within the nanowire or at the hetero
interface through EDX and EELS observations, effectively ruling out equilibrium growth.
The droplet morphology/volume also did not change significantly upon varying the amount
of Sn in the injecting solutions, as would have been expected for near-equilibrium growth'^^.
Also, the amount of Sn incorporation in the nanowires increased upon using AuAg catalysts,
which promotes faster Ge nanowire growth kinetics than Au seeds,thus underscoring the
role of kinetic factors in the non-equilibrium incorporation of Sn in Ge.
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Non-equilibrium induction of Sn impurity in the Ge host is justified through the diffusionless
solute trapping at a finite growth velocity of crystals. ‘Solute trapping’ is a process of solute
redistribution at the interface resulting in an increase of chemical potential and deviation of
partition coefficient'^"^. In fact the fast grow rate reduces segregation of Sn from the Ge
lattice. In case of equilibrium growth Sn would escape from the lattice, but the liqud-solid
growth interface is moving fast enough to prevent it . At a high solidification rate at the
catalyst-nanowire interface impurity adatoms can be trapped on the high energy sites of the
crystal lattice, leading to the formation of metastable solids, e.g. Gei-xSux with non
equilibrium Sn content, at the nanowire growth front. The kinetic incorporation of Sn is
aided by the following factors: (i) Sn diffusion in Ge at the growth condition is negligible,
(ii) the epitaxial mismatch between Sn and Ge results in elastic strains at and near the
catalyst-nanowire interface and (iii) the lack of truncating side facets at the catalyst-particle
interface. Assuming that growth of the nanowire is layer by layer, the step flow kinetics can
result in solute trapping of Sn from the Sn-rich droplet. The deviation of chemical
equilibrium at the interface is influenced by the kinetic parameter, i.e. interfacial diffusion
speed in this case. For bulk metal-semiconductor systems impurity trapping at the liquidsolid interface is highly probable with a very high interface velocity of the order of m/s'^^.
However, in the one-dimensional GcxSni-x nanoscale systems the growth rate at the liquidsolid interface is only of the order of nm/sec. The growth velocity of Gei-xSux nanowires is
much lower (~ 0.5-1 nm/s) than the growth velocity required for kinetics driven solute
trapping. But for our particular system, a much higher Sn concentration in the catalyst seed
(> 90 %) than the impurity concentration in a typical bulk solidification process and a
continuous Sn flux throughout the nanowire growth process could be accountable for the
high Sn incorporation"^^. In the nanoscale system, where the crystal growth proceeds with the
formation of steps at the interface, impurity atoms remains frozen at the step edges upon the
formation of a new row of atoms'^'. Hence, impurity incorporation during nanowire growth
depends on the step velocity rather than on the interface velocity. With a high step velocity,
the time required for local impurity exchange at the catalyst-nanowire interface decreases
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thus the rate of solute trapping increases in the nanowire. Solute trapping has been implicated
in the catalyst incorporation of Al-catalyzed growth of Si nanowires'^'. A key difference,
though, is that the equilibrium Al-solubility in the Al-Si droplet is much smaller (< 5 %),
unlike the Sn-rich droplet that catalyzes the growth of

Gej-xSux

nanowires. The high Sn

concentration around the growing steps is further aided by low Sn diffiisivity within the
nanowire and along its sidewalls, and the kinetic pathway favours Sn incorporation into the
newly forming layer at the expense of elastic strain relative to the bulk Ge crystal. The elastic
strain can be effectively accommodated by the Sn-rich droplet. Finally, at equilibrium the
catalyst-nanowire interface also involves truncating side facetsThese truncating facets
are absent in Gei-xSnx nanowires and the interface is fully faceted which is indirect
confirmation of the elastic strains due to non-equilibrium Sn incorporation. As a result, the
Sn incorporation is unifonn through the nanowire, as opposed to being localised at the core
or within a surface shell. A dimer based bi-layer growth mode has also been proposed for
non-equilibrium impurity insertion in nanowires
Induction of Sn in the alloy nanowires is further encouraged with a 2 h annealing at 230 “C,
during the cooling down of nanowires (Fig. 34). The choice of the step cool down process
and temperature was driven by the existence of a small Sn precipitation window at the lowest
eutectic, near Sn rich side of the binary bulk Au-Sn phase diagram^®, at around 215-230 ”C.
The position and width of the Sn precipitation window in AuAg-Sn pseudo binary phase
diagram was assumed from the Au-Sn and Ag-Sn phase diagrams. This small window
encourages further precipitation of Sn from non-equilibrium Sn rich eutectic Au-Sn and
AuAg-Sn catalysts during the annealing process. Nanowires were annealed during cooldown
at four different temperatures of 210, 220, 230 and 250 °C, but only those subsequently
annealed at 230 ‘’C displayed an increased Sn incorporation (Fig. 34). No Sn precipitation at
the catalyst-nanowire interface was observed with the step cooling (Fig. 35 (b)). The Ge-Sn
bulk eutectic temperature is 231 °C. Metastability and continuous dissolution of Sn in the Ge
host is expected at the eutectic temperature. Precipitated Sn from the supersaturated catalyst
get further dissolved into the Ge nanowire host lattice at 230
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due to eutectic solubility.

Undercooling and the shift in the liquidus from their bulk counterpart for nanoscale Ge-Sn
systems may also be expected. In step cool-down process, the coincidence of the lowest
eutectic in AuAg-Sn system and Ge-Sn system assists to increase the amount of Sn (~ 2.5 %)
further beyond the capability of kinetic trapping.

4.8.

Conclusions

In summary, we have successfully fabricated a stable direct bandgap one-dimensional
Gei-x Sux nanosystem, usually metastable under thennodynamic equilibrium, compatible
with existing Si electronics platforms. Catalytic bottom-up growth with noble metal catalysts
facilitates the dissolution of high amounts of Sn into the alloy nanowires, while keeping
radial uniformity. The sparse spatial distribution of Sn in the nanowires and the formation
of Ge-Sn dimers in the nanowire cores were confirmed through atomic resolution EELS
mapping and Raman spectroscopy. Nanowires produced were single crystalline with no
crystal defects and no evidence of Sn segregation on nanowire surfaces. The use of
innovative AuAg alloy catalysts, which enhances nanowire growth kinetics, facilitated the
larger incorporation of Sn into the Gei-xSnxVdtticQ than pure Au catalyst. A kinetically driven
solute trapping model with Ge-Sn impurity dimer incorporation at the interface, could
possibly explain beyond-equilibrium incorporation of Sn into the Ge lattice. Calcination of
the nanowires near Ge-Sn eutectic temperature during the cool down further aided Sn
precipitation and dissolution through a thermodynamic driven process to reach high (> 9 %)
Sn solubility in Ge nanowire. A direct bandgap has been identified for Gei-xSnx nanowires
with 9.2 % of Sn through low temperature photoluminescence. Further manipulation of
growth temperature, choice of precursors and catalysts could lead towards Gei-xSux
nanowires with even a higher Sn content. Direct bandgap Gei-xSrix nanowires fabricated
through a cheap and feasible bottomup technique opens up unlimited possibilities in group
IV photonics, nanoelectronics and optoelectronics. Non-equilibrium impurity induction
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method in nanowires, demonstrated in this work, could be applied to a range of impurityhost alloy systems to realise new and innovative nanomaterials with interesting physics.
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Chapter

5

Quantum dash InAs as an active laser material
5.1.

Introduction

Monolithic semiconductor lasers are attractive components for monitoring the environment,
utilising infrared absorption spectroscopy for gas sensing. Devices based on low
dimensional structures such as self-assembled quantum dots (QDs) or quantum dashes
(Qdashes) are promising candidates for this application, owing mainly to their size and
composition fluctuations resulting after their epitaxial growth. As a result, such
nanostructures exhibit a wider gain spectrum than mainstream quantum wells (QWs), thus
providing possibilities for wide-range tunability and multi-species gas analysis using a 2 pm
single laser'In recent years, considerable attention has been given to InAs Qdashes,
which are elongated nanostructures grown on InP (001) substrate, with the dimensions of
their cross-section being similar to that of a shallow quantum dot (~ 2-3 nm x 15-20 nm),
and their length in the (110) direction being of the order of 200-300 nm. In this chapter we
present

a

detailed

investigation

of the

fundamental

electronic

properties

of

InAs(P)/Ino.78Ga().22Aso.47Po.53 Qdashes using cross-sectional scanning tunneling microscopy
and spectroscopy, where we have shown that they exhibit a 1-D quantum-wire-like
electronic density of states'^' . However, since their length is significantly shorter than that
of nanowires, they possess certain advantages with respect to laser applications, mainly
arising from their reduced active volumes. In particular, advanced laser characteristics such
as high modal gain, relatively low threshold current, low internal losses and high output
power,

have

been

recently

demonstrated

at

1.55

pm

for

applications

in

telecommunicationsas well as at longer emission wavelengths'^^”'^^. Furthermore, it
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is worth mentioning that Qdashes may also find applications beyond lasers as single photon
sources emitting at 1.55 pm, further exploiting their quantum properties'^^.The fact that the
emission wavelength of Qdashes can be tuned based on their size,*^^ can particularly benefit
gas sensing applications, which require well-controlled emission wavelenphs to match the
specific absorption lines of different gases. In fact, within our work, we find that by also
changing the barrier material and carefully optimising the growth condiions of the new
structure, a further shift of the emission wavelength may be achieved and Hgh-performance
lasers emitting above 2 pm are obtained while maintaining a binary InAs Qdash
composition. The wavelength range around 2 pm is of particular interest a> some important
gases, such as CO2 and NH3, exhibit strong absorption in this spectnl region. While
alternative approaches using different material systems are available for

2

pm lasing, most

notably by taking advantage of the QW technology in Sb-based materials'^^’^' or by utilising
type-11 QWs on InP (001) substrate,during this work we will focus our attention on
InAs/InP Qdashes. Due to the fact that they can be grown self-assembled on InP (001) and
related lattice-matched material, Qdashes can directly benefit from the growth and
processing technologies

that have been

mastered

through the development of

telecommunications lasers, while compared to the later approach of type-Il QWs, they can
maintain appreciably lower threshold current densities. On the other hand, it is also possible
to achieve long wavelength emission with very satisfying perfonnances by using highly
strained type-I QWs on InP,*^'^ but investigating low-dimensional nanostructures deserves
attention as it may ultimately provide opportunities for wide-range tunability. Given an
optimised material structure, subsequent processing of single-frequency distributed
feedback (DFB) or distributed Bragg reflector (DBR) lasers with high single longitudinal
mode purity is a prerequisite for high-resolution absorption spectroscopy. In order to achieve
this, various different approaches have been reported to date, including successful
demonstrations in wavelength performance, but also certain tradeoffs have to be made. The
conventional approach that is mainly used in telecom applications employs a growth
interruption, during which a Bragg grating is patterned and etched, with the required upper
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epitaxial layers subsequently overgrown on top of it. Even though this approach is highly
reliable and well-known, these multiple growth techniques require additional complex
processing steps, thus increasing the manufacturing cost and introducing yield and reliability
problems. For semiconductor lasers to become more attractive in the gas sensing industry,
as well as in other applications where cost consideration is an important factor, a substantial
process simplification should be a high priority. For this reason, in recent years, the re
consideration of regrowth-free DFB lasers, where the grating is formed after or during the
definition of the waveguide, has drawn considerable attention.

first order
grating
cladding layers
active region

bott om contact

Figure 41.Types of distributedfeedback laser: (a) laterely coupled^^^ (LC-DFB), (b) corrugated ridge
waveguide^ ^^(CR W)

In this approach, the index modulation interacts with the lateral optical fields (evanescent
fields) to provide the optical feedback, which may cause these structures to suffer from low
coupling efficiencies, unless special treatment is provided. In their early demonstrations,
such lasers utilising lateral feedback, have been referred to as corrugated ridge waveguide
(CRW) or as laterally-coupled distributed feedback (LCDFB) lasers, and included variations
in which the grating was etched on the ridgeexclusively in the ridge sidewalls (CRW)'^^,
exclusively beside the ridge (LC-DFB)‘^^, or over both regions*^^. More recently, LC-DFB
lasers using metallic gratings, have also been given particular attention and subsequently
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used in the industrial applications, as a result of their higher coupling coeficient - induced
by the additional periodic loss of the periodic metallic structures, making thse lasers mainly
gain (loss)- coupled DBF lasersIn additional recent work, improvenents in low-loss,
high-power operation have been achieved by etched lateral grating fabricaion,*^® or by use
of a two-step ridge etch process for minimal lateral current spreadingCn the other hand,
higher side mode discrimination in relatively short cavities has been achitved by operation
with a narrower ridge waveguide of 1.7 pm width,introducing fist-order'^^’’^^ or
optimised third-order*^^'*^* Bragg gratings on the ridge waveguide sidewalls, or by use of
focused ion beam lithography (FIB) in LC-DFB'^^ and LC-DBR'^^’'^* configurations.
Notably, chirped CRW gratings for better control over the coupling coeficient have been
also investigatedHowever, simultaneous achievement of a high coipling coefficient
and low grating induced losses in a regrowth-free design remained a ciallenge both for
CRWs and LC-DFBs. Resolving this challenge is of great importance for future laser
applications, which require a combination of a low manufacturing cost witl a high side mode
suppression ratio (SMSR) and a low threshold current for low power corsumption. In this
chapter we demonstrate Qdash based LC-DFB lasers emitting around 2.0 im. High grating
coupling coefficients (k ~ 40 cm'') that result in high side mode discrimiiation of >37 dB
for relatively short gratings (375 pm), together with negligible grating-irduced losses, are
provided by high-duty-cycle etched Bragg gratings, which are implemented experimentally
in such lateral configuration for the first time. Furthermore, this process is ipplied on a novel
heterostructure design that is promising for future sensing applications.

5.2.

Sample preparation

Growth of the material structure (Fig. 42) and laser processing were perfomed in Laboratory
for Photonics and Nanostructures, France. The studied structure was grovn by gas source
molecular beam epitaxy (GSMBE) on n-doped InP (001) substrate. The nominally undoped
active region consisted of six InAs Qdash layers separated by 40 nm tiick ternary alloy
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Ino.53Gao.47As barriers, and was sandwiched between two thicker (80 nm) Ino.53Gao.47As
waveguide layers. On top of the upper waveguide layer, the following epi-layers were
successively grown: a 100 nm thick InP spacer layer, a 35 nm Ino78Gao.22Aso.47Po.53 layer
dedicated for the Bragg grating definition, a p-doped 1.5 pm InP cladding layer, and a p+doped 0.3 pm InGaAs ohmic contact layer. By inserting Qdash nanostructures directly in
such a low barrier (absorption edge at A, = 1.65 pm) in replacement of the conventional
InGaAsP (k = 1.17 pm) barrier, in a dash-in-a-barrier (DBar) structure, we achieved a further
shift of the emission wavelength. This shift resulted from the lower confining potential,
which leads to less confined electronic wave functions within the quantum dash and thus to
lower energies. For our studied epi-wafer with the largest grown Qdashes, lasing has been
observed at ~2.08 pm, which is a record lasing wavelength for Qdash based approaches with
electrical exitation.
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Figure 42. Energy structure of InAs Qdash laser

Notably, wavelength is achieved not by changing the composition, but by quantum constrain.
In addition, a low barrier results in a reduction of the laser threshold current due to the
increase of the optical confinement factor; however, for applications requiring high output
power, an intermediate barrier is instead preferable as it is expected to provide higher slope
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efficiencies*^^. In fact, for high current injection in the continuous wave (CW) regime,
thermal roll-over limits the maximum output power per facet to ~5,5 mW for the best lasers,
in our low-barrier structures. Nevertheless, for the targeted sensing applications such values
are more than sufficient. While the long-wavelength results underline the potential of this
approach for reaching the milestones of 2.3 and 2.55 pm in the near future, possibly using
InAsSb Qdashes'^^ embedded in a laser structure identical to the one described above, or in
the dashes-in-a-step-well approach,in the remaining of this chapter we will analyse the
results of a slightly different sample that includes somewhat smaller Qdashes, emitting
around 2 pm. This wavelength is particularly interesting for the detection of NH3. We
identified the optimum wavelength for detection of this gas at 1.982 pm, based on the
relevant NH3, CO2 and H2O absorption peaks in this spectral region. Therefore, our LC-DFB
lasers described hereafter were particularly designed for targeting this application.

5.3.

LC-DFB laser design

Prior to the fabrication of single-mode lasers, numerical investigations were carried out in
order to identify the optimum design. In the various studied approaches, we find that a new
method for achieving LC-DFBs with a high SMSR, based on lateral high-duty-cycle etched
semiconductor Bragg gratings, is particularly prominent. As is shown below, such gratings
may provide sufficient feedback while not being a source of additional losses to the laser, in
contrast to their metallic counterparts, or the CRWs. Moreover, due to the obtained high
grating coupling coefficients, the desired SMSR values may already be achieved for the short
grating sections, thus providing nice possibilities for LC-DFBs with short cavities and
paving the way for low-loss LC-DBR lasers. Laterally coupled distributed feedback (LCDFB) lasers, which are simple and cost effective because of a simple fabrication process
without regrowth, have a great potential for optical communication and sensor applications.
In LC-DFB lasers, single mode operation is achieved by coupling between the light guided
via ridge waveguide and the lateral grating structure. Thus, the coupling coefficient, k, is an
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important factor for the design and analysis of LC-DFB laser.. According to the coupled
mode theory, the coupling coefficient of a rectangular-shaped grating may be written as*h
_

_

.

,mnw.

_ (nl- nl) sin(—
^

where rii and

712

n eff'-

m

‘grating

(6.2)

are the refractive indices of the semiconduetor and the dielectric material

that compose the grating (Fig. 43 (a)), rieff is the effective index of the guided mode, 2 is the
wavelength in free space, A is the grating period, m is the relevant grating diffraction order
and fgrating is the field overlap integral with the grating region. The duty eyele (w/A) of a
Bragg grating is defined as the semiconductor portion (w) of a grating period (A), shown
schematically in Fig. 43 (a). It is important that such a simulation is performed in a
computationally efficient way, in order to enable investigating a variety of structures of
interest. For this reason, we first used the eigenmode expansion method to compute the
modal effective index and the electric field distribution in order to obtain numerical neffSind
rgrating valucs, and subsequently substituted them in Eqn. (6.2).
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Figure 43. Calculation of the coupling coefficient k, as a function of the most critical lasc design
parameters affecting its value: (a) Schematic representation of the parameter w, that was vcried in the
simulations determining the k dependence on the Bragg grating duty cycle value. The Bragg griting period A
has been fixed in order to determine the emission wavelength of the laser to match the NHs ahorption line,
centered at 1.982 pm. (b) Typical modal profile of a laser emitting at 2 pm, obtained by our 2-D simulations
for the investigated sample, (c) k dependence on the ridge waveguide width, (d) k dependence m the grating
proximity to the ridge, (e) k dependence on the Bragg grating duty cycle.

An example fundamental quasi-TE mode profile of a 2 pm laser is shown in Fig. 43 (b). To
further improve the computational efficiency, during this step the grating la)er has been
approximated by a homogeneous layer of a weighted refractive indexA detailed
theoretical analysis for LC-DFB lasers using a similar approach to the one follcwed here, is
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provided by Choi et al

As shown in Fig. 43 (c) an important parameter affecting

k

is the

ridge width, a result expected intuitively, since a narrow ridge would result in a bigger
portion of the optical mode spread out of the ridge, into the Bragg grating region. However,
reducing the ridge width too much is not advisable as it will result in a high electrical
resistance^^', a reduced output power, increased intra-cavity losses, and non-well-controlled
K values affecting the reproducibility of the process for small fabrication differences. Taking
these tradeoffs into account, a 2 pm wide ridge is adopted in our devices.
Figure 43 (d), shows the k dependence on the grating proximity to the ridge. This result
underlines the importance of achieving a high verticality of the waveguide, as well as high
accuracy alignment for integrating the different steps of the LC-DFB fabrication process, as
a small grating misplacement of a few nm may cause a substantial k reduction. This could
be of the order of 20 % reduction for only 5 nm misalignments, or a factor of 2 for 50 nm
misalignments. Finally, Fig. 43 (e) underlines the fact that the grating duty cycle is an
important parameter, whose optimisation was not taken into account in previous
experimental LC-DFB works, which utilised duty cycles of 50 % or less. This may lead to
an important coupling improvement by simply adjusting a single step in the process flow.
The intuitive understanding of the importance of increasing the duty cycle value arises by
the fact that, while this reduces the sine term of Eqn. (6.1), it increases the weighted
refractive index of the grating, attracting a higher portion of the optical mode into the grating
region, thus increasing Tgrating. Therefore, these two terms need to be maximised
simultaneously in Eqn. 6.2, and the optimum values depend on the pair of the refractive
indices of the materials used to compose the Bragg grating. For our structure, the optimum
duty cycle value is ~80 %.
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Figure 44. SEM images of the processing steps for the high-duty-cycle Bragg grating optimisation: (a)
Bragg grating etched using an RIE CH4-H2 process at low etch rate, which enables very accurate control of
the grating depth, (h) The grating sidewalls quality improved after oxygen cleaning of the sample insight the
RIE reactor after the etching was completed, (c) Vertical sidewalls and the targeted duty cycle value were
achieved after optimising the e-heam lithography parameters and the CH4/H2 ratio during RIE etching, (d)
SEM confirmation that the spin-coated BCB dielectric penetrates into the 60-nm-wide narrow trenches of the
Bragg grating, (e), (f) Zoom-out cross-sectional SEM views at different positions confirm the correct grating
definition over the whole region covered by the optimised high-duty-cycle Bragg gratings.

5.4.

Results and discussion

For the optical study of the lasers, a conventional free space measurement setup was utilised.
The lasers were thermally stabilised at 20 °C on a Peltier element stage and were operated
under CW electrical pumping. CaFi lenses provided coupling to a 1 meter long
monochromator, equipped with an extended InGaAs detector operating in the 0.9-2.6 pm
spectral range. The spectral resolution of the setup is < 80 pm at 2 pm, which is sufficient
for laser transverse mode detection. Sample A and B are Fabry-Perot InAs laser without a
Bragg grating. Dimensions of the sample lasers discussed in this thesis as well laser threshold
currents are summarised in the Table 4.
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Table 4. Sample lasers dimensions and current thresholds.

Sample
A
B
C
D

Cavity length
(pm)
1762
557
630
910

Ridge width
(pm)
2.25
2.25
2
2

Ith
(mA)
115
55
66
101

Bragg grating
No
No
Yes
Yes

Electroluminescence of the material is presented at Fig. 45 with peak intensity at 1.98 pm.
100-pm-wide broad area (BA) lasers were initially processed in order to test the material
quality.
Energy (eV)
0.85 0.8 0.75
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Figure 45. Electroluminescence spectra of InAs Qdash material of on the example of sample A.

A threshold current density of -1.6 kA/cm^ has been measured for devices with cavity
length of-600 pm. By assessing BA lasers with cavities varying from 400 pm to 1.5 mm, a
high modal gain of the order of 45 cm'* and internal losses of 18 cm'* were extracted.
Subsequently, 2.0-pm-wide ridge-waveguide lasers were fabricated in order to validate the
gain peak position and to assure single-transverse-mode operation. Spectra of one of the
sample lasers with cavity length of 1762 pm and 2.25 pm ridge width is shown in the
Fig. 46 (a). It has a typical Fabry-Perot cavity mode spectrum with a spacing of 20.89 GHz
(-0.27 nm) and peak position at 2 pm at room temperature for CW operation. By knowing
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the length on the cavity from Eqn. (1.15) we can calculate the waveguide group refractive
index.

MAm = Iriad => Av =

c
c
r => ria = ——r = 4.08,
2nL
2AvL

(6.1)

where Av is smallest frequency difference between longitudinal modes, c is speed of light.
The obtained value is actually group velocity refractive index, which is usually slightly
higher then material refractive index n (defined by a phase velocity):

c

ria = — = n-Ao

V,9

dn
dXo

dn

where Aq is vacuum wavelength and negative —— term.
a/o

Energy (eV)
0.624

0.623

0.622

0.621

0.62

Figure 46. Spectrum of sample A at 1= 160mA (a) Continuous-wave(CW), (b)quasi- CW operation (FF=10%)
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Figure 47. Sample B blue shift of spectral modes with increase of current performed at CW operation
at 15 °C.

The laser spectra for Samples C and B, with cavity lengths of 630 and 910 pm, are presented
in Figs. 48 and 49 respectively. The spectra indicate single mode operation with side mode
suppression >37 dB for Sample C and > 29 dB for Sample B. These aie suitable for the
detection of narrow spectral lines for gases. Threshold currents of 66 and 101 mA have been
measured, as shown in the LI cuiwes in the top right comer insets of the graphs. The lasers
exhibit a maximum output power per facet of 4.5 mW and 5.5 mW respectively. The slope
efficiency in these LI curves is approximately 0.25 W/A and 0.15 W/A. This corresponds to
an estimation for the external differential quantum efficiency
respectively for these lasers. Threshold current

(Ith)

(next)

of 0.4 and 0.24

and output power

(Pout)

values

comparison between our LC-DFBs and ridge-waveguide lasers obtained from the same epiwafer, confirms the negligible grating-induced additional losses in our design. Laser
tunability is provided by temperature control and is depicted for both samples in the top left
insets of the graphs.
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Figure 48. Lasing spectra of Sample C at room temperature 1=100 niA. Sample has peak at 1985.6 nm with
37 dB SMSR. Insets show peak shift with temperature and threshold current.

Sample D was manufactured for NH3 gas detection. Figure 50 provides Sample D laser
emission at 15 °C and 20 °C overlaid on top of the NH3 absorption spectrum. The absorption
spectrum of NH3 was taken from the HITRAN database^®^.
According to the laser peak temperature dependence, at T = 13 °C the laser peak overlaps
with an intensive absorption line of NH3. Under these conditions, Sample D can be
efficiently utilised for gas detection - stable reference intensity can be acquired at 23 °C and
gas sensitive measurements can be performed at 13 °C. These results indicate that our design
combines stable single-mode operation with a high SMSR already for short gratings, while
maintaining low losses. The latter has been achieved by avoiding the main loss sources of
the conventional approaches; namely the highly absorbing metal gratings in LC-DFB
designs,

and the gratings formed on the ridge or on the ridge sidewalls in CRW designs

that result in lower lateral optical confinement and increased carrier diffusion into the grating
teeth.
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Figure 49. Lasing spectra of Sample D at room temperature at 1=120 mA. Sample has peak at 1997.8 nm
with 29 dB SMSR. Insets show peak shift with temperature and threshold current.

Relative ease of fabrication is evident as compared to the conventional DFB processes with
buried gratings, which require complex, high-cost steps, such as epitaxial grating overgrowth
and Bragg-grating fomiation on a non-planar surface. Good wavelength controllability is
preserved both in our novel growth approach resulting in the required gain peak, and in our
fabrication process resulting in the desired single mode selection for the targeted gas
detection. The temperature coefficient is estimated at 0.04 nm/K and 0.07 nm/K for Samples
C and D respectively. The temperature coefficient of Sample D could be evaluated in
agreement with experimental values previously reported in the literature for InP based DFB
and DBR lasers, in similar material systems. For comparison, we note that a temperature
coefficient of 0.092 nm/K has been measured in 1.55 pm GalnAsP/lnP LC-DBR lasers,^®"^
while values of 0.11 nm/K and 0.14 nm/K have been extracted for AlGalnAs/InAs/lnP
Qdash based LC-DFB lasers emitting at 1.55 pm^®^ and 2 pm'^^ respectively, and 0.11 nm/K
for InGaAs/lnGaAsP QW based DFB lasers at 1.95 pm^®^. Sb-based LCDFB lasers emitting
at 2 pm have been found to exhibit a somewhat larger temperature coefficient of 0.2 nm/K'^^

98

c

o
o
CO
-Q

<

Wavelength (nm)
Figure 50. NH3 (10cm, 1 bar, 20 °C) gas cell theoretical absorption spectrum versus spectrum of sample D
laser operating at 15 °C and 23 °C.

We believe that the observed differenee of the temperature coefficient of our Sample A, is
mainly due to the fact that the Bragg grating of this laser is negatively detuned. Also, slight
discrepancies may be attributed to the fact that our lasers operated in a limited temperature
range, and we therefore have a somewhat limited fitting accuracy. In any case, our estimated
temperature coefficient values confirm that our lasers operated via the DFB mode, as the
wavelength shift is governed by the temperature dependence of the effective refractive index
of the waveguide, rather than the gain peak (energy gap) shift. Fabry-Perot (FP) lasing modes
are expected to appear in our device under certain biasing and temperature conditions. Under
the conditions reported above (1=100 mA in Fig. 48, 1=120 mA in Fig. 49; at room
temperature) the spectra show no FP lasing modes. With increased current injection (or at
high temperature operation), the higher tuning rate of the gain spectrum in comparison to the
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DFB mode, leads to laser oscillation in FP modes away from the Bragg wavelength. The
transition from DFB to Fabry Perot operation in such as-cleaved DFB lasers is definitely of
interest; however, it is beyond the scope of this thesis. On the other hand, the FP fringes are
not observed in our spectra with >37 dB and >29 dB SMSR, due to the lower detector
sensitivity in the 2 pm wavelength range. It is also worth mentioning that for a real sensing
environment, a higher temperature operation would be highly beneficial. Our lasers (both
the DFB and FP lasers that were tested) only operated over a limited temperature range as
shown above. This suggests that further bandgap engineering optimisation can be employed
in our experimental growth approach, where we have tested the lowest available barrier that
is lattice matched to InP (ternary Ino.53Gao,47As). It turns out that this barrier material would
be optimum for longer wavelength emission, which is a milestone for quantum dash
InP (001) based lasers and would be highly desirable. At the current study, focused on
emission wavelength around 2 pm, the lasers operate fairly well and exhibit a relatively low
Ith, however, such a low barrier is not the optimum for high-temperature operation. This is
because the conduction band offset between the Qdash and the Ino.ssGao 47AS barrier turns
out to be not sufficiently high, leading to fast thermal roll-over at higher temperatures and
also for high current injection.

5.5. Laser bandwidth measurements via
nonlinear frequency conversion
Low loss fiber, such as hollow core fiber (holofiber) with low attenuation window at 2 pm,^’^
could expand the operation range of the telecommunication. Telecommunication requires a
fast switch rate for higher channel bandwidth. QDash InAs lasers, operating at this range
could

provide transmitter operation for this concept. Bandwidth readings contain key

information for telecommunication devices. However devices capable to take this readings
at 2 pm range are only starting to appear on market. In this thesis nonlinear frequency
conversion was utilised for bandwidth measurements of the produced device. Nonlinear
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conversion is described in detail in Chapter 2,3 of the thesis. Laser sample C was tuned to
have a peak at 1.98 pm and pump Ti:Sa laser was tuned to 0.808 pm. Was performed a
simulation of phase matching conditions for a PPLN crystal with polling period of 20.9 pm,
presented in Fig. 51 provided a required temperature of the crystal of 104.6 °C. After
difference frequency generation (DFG) of the laser light, converted laser emission can be
detected at 1.356 pm. This is within the sensitivity range of a high gain InGaAs detector,
used for intensity readings.

7
Figure 51. Phase matching conditions for DFG in PPLN with poiling period 20.9pm and 808nm pump laser.

Pump laser spectra (Fig. 52 (a)) has a broad nature with actual peak position at 805 nm.
Phase matching conditions for 805 nm pump laser for DFG are shown in Fig. 52 (b).
Temperature for difference frequency generation, calculated for 805 nm and 1980 nm sample
laser is 135 °C. The Detected signal peak position was found at 1.328 pm, which is different
from the theoretically expected 1.357 pm. This corresponds to spectral resolution of the
setup at this experiment (23 nm), as well as to the broad namre of Ti:Sa spectral peak
(5.2 nm), shown in Fig. 52. Taking in account higher conversion efficiency at low
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wavelength rays interaction (see Eqn. (2.18)) gives an additional blue shift of converted
signal, visible here.

Figure 52. a) Pump laser spectra; h) Phase matching conditions for DFG in PPLN with poiling period
20.9 pm and 805 nm pump laser

Temporal control during the experiment was achieved by setting a delay at electrical pulse
generator, which was pumping a sample laser (Fig. 53 (a)) or by setting an optical delay
(Fig. 53 (b)). Agilent pulse generator, powering sample laser provides electrical pulse width
accuracy 0.5 ns according to its specifications. Electrical delay provide a simple control on
the time scale, but its resolution is limited by the device used. Optical delay has an extremely
high time resolution but requires mechanical motion of the optical elements in the
experimental setup, which effects the reading speed.
A temporal full width half intensity (FWHI) of the converted laser pulse at 1328 is 0.89 ns
(Fig. 53 (b)), which means approximately 1.12 GHz bandwidth for this laser. This FWHI is
very close to the resolution of pulse generator, so the actual bandwidth could be even higher.
Figure 54 shows the complete time resolved spectra of down-converted laser emission. It
was taken with an optical delay in the spectral range 1290-1370 nm.
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1328 nm

Figure 53. Laser signal at 1328nm after nonlinear conversion. Electrical excitation pulse of 600mA and duty
cycle 4%. Time resolution obtained with control of (a) electrical delay of the pulse generator (b) optical
delay of the pump laser beam

The down-converted signal has a width of ~15 nm at its peak, mostly defined by the broad
nature of the pump laser pulse. For time resolved measurement, the fundamental resolution
of the measurements given by the uncertainty principle AE At > 33 {meV * ps) should also
be taken into account.
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Figure 54. Down-converted spectrum of a laser at room temperature at l=600mA with control of time axis by
optical delay of the pump laser beam.
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5.6.

Conclusions

In conclusion, we investigated an alternative approach to achieve high and well-controlled
K values for single mode DFB operation that combines the wavelength performance of
conventional DFB lasers with the simplified fabrication process of LC-DFB lasers. The
concept of high-duty-cycle Bragg gratings is introduced experimentally for the first time and
tested in a fabricated functioning device. We show that such Bragg gratings appreciably
increase the coupling coefficient of an LC-DFB laser, by achieving an SMSR> 37 dB, k~ 40
cm"' while enabling substantially low grating-induced losses, which was confirmed by
comparing key laser performances, such as the fh and Pom between our LC-DFBs and ridgewaveguide lasers fabricated from the same epi-wafer. As a result, sufficient mode selection
using a moderately short grating segment is achieved, which is an important step towards
the realisation of high performance LC-DBR lasers. In terms of the material quality, our
results open the way for the fabrication of Qdash based lasers emitting above 2 pm, as a
result of the successful implementation of the InGaAs ternary barriers, aiming to cover a
larger wavelength range using the technologically favourable InP (001) material system and
low-dimensional nanostructures.
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General Conclusions
In this thesis, Ge and InAs were discussed as suitable semiconductor materials with radiation
close to 2 |im. Transformation of Ge to a direct bandgap was achieved using either tensile
strain or alloying the material with Sn in GeSn nanostructures. The dynamics of the Ge
transformation to direct bandgap semiconductor and its radiative properties were studied.
High level of heavy hole coupling was found in the case of tensile strain of Ge. An indirect
to direct crossover for the tensile strained Ge was determined between 1.61 % and 1.95 %
of biaxial tensile strain. This is the first experimental and comprehensive study of strainengineered tensile-strained epitaxial Ge layers heterogeneously integrated on Si as well as
the first reported study of separate direct and indirect valleys for varying values of biaxial
strain of Ge.
Stable direct bandgap one-dimensional

Gei-xSnx

nanosystems, compatible with existing Si

electronics platforms were also demonstrated. A direct bandgap for unstrained GeSn was
detected at 9 % Sn composition, which is the lowest Sn composition reported. A specific
temperature behaviour is examined at close to the crossover point in both types of band
transformation: a blue shift of emission starting at low temperatures.
Quantum dashes of InAs were investigated as an active medium for a laser. Materials and
the laser devices were successfully fabricated, giving a single mode operation with
SMSR> 37. A laser device, suitable for the NH3 gas detection was demonstrated.
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Future Work
While a number of different material systems were discussed in this thesis there is still future
work which can be carried out on other potential materials for 2 pm emission. For example
Sb alloys such as InSb and GaSb are two promising material systems which are worth
examining. These materials have high lattice constant, so InP substrate can be used for
growth of such stuctures.
Q-Dash InAs laser can be integrated into an operational device to demonstrate insitu gas
detection. Further work on tuning the laser emission to higher wavelength can be carried out.
For example, adjusting the parameters of the Bragg grating

to tune will provide a

measurement sensitivity for other gases with spectral fingerprints above 2 micron, in
particular a detection system for CO2 would be of immense interest. Tensile Ge structures
would be checked for various strain applied. Also photoreflectance measurements of the
samples with the strain ~ 2 % is needed. Besides that this material can be processed into a
laser devices after adjusting InGaAs waveguides parameters.
Nanostructures of GeSn requires further design. Conventional lasers require an active
medium embedded into a semiconductor p-n junction. For GeSn nanowires, the overgrowth
process can meet certain challenges, originating from lattice mismatch of substrate and
nanowire. Growth of quantum dots or quantum dashes of GeSn laying on the surface will be
the step for integration with current laser manufacturing process.
On the optical characterisation side, an improved photoreflectance setup in would allow
readings from scattering nanostructured samples. Improvements in the nonlinear conversion
setup will allow for the measurement of the dynamics of charge carriers in mid-IR materials.
A final step would be to perform frequency conversion of the emission from a semiconductor
optical amplifier.
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Figure 27. Photoreflectance spectrum of Ge under e: (a) Sample A - 0 % (b) Sample B 0.84% (c) Sample D - 1.12 % (d) Sample E - 1.61 % biaxial tensile strain at 80 K, fitted
with 2 TDLS functions. Open circles correspond to the experimental data, red lines - fit
including 2 TDLSs, depicted in green and blue respectively.
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Figure 28. Photoreflectance spectrum of Ge under e: (a) 0 % (b) 0.84 % (c) 1.12% (d) 1.61
% biaxial tensile strain at 80 K, fitted with 2 Airy functions. Dotted lines corresponds to
the experimental data, red lines - fit including 2 Airy functions, depicted in green and blue
respectively.
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Figure 29. Theoretical bandgap-strain dependence for Ge calculated using a 30 < 30 k-p
model taking into account quantisation-induced bandgap enhancement at decreased e-Ge
layer thicknesses for 40 nm, 30 nm and 15 nm quantum wells. Experimental peeks given
by PL and PR data are shown as circles over theoretically predicted transitions from F- and
L- valley to light (Ih) and heavy (hh) holes.
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Figure 30. Full photoreflectance spectra simulation on the top of experimental data for (a)
unstrained sample (b) £=0.84 % model over sample D spectra (c) £=1.12% mocel over
sample E spectra, f-Ih, f -hh and split-off sub-band transition energies are depicied as a
vertical dashes.
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Figure 31. SEM image, performed in UCC of nanowires grown from a Au catal/st and
with (a) 15 % and (b)20 % Sn injecting solution.(a) Nanowires morphology rerr.ains intact
after a step cool down process at 230 "C. (b) Nanowires shows spherical clusters due to
homogeneous nucleation of Ge and Sn. Also a bimodal distribution in the nanov/ire
diameter was observed with the high Sn precursor solution.
66
Figure 32. EDX spectrum recorded from the seed and body of an alloy nanowire (selected
from the sample with 9.2 % average Sn incorporation) showing the presence of both Ge
and Sn.
67
Figure 33. EDX scan of a Gei-xSnx nanowire with a 6.3 % concentration of Sn grown from
a AuAg catalyst, performed in UCC. (a) Scan along the length of a nanowire sIdws the
uniformity of the Sn distribution throughout the nanowire length, (b) Radial corcentration
profile of Ge (red) and Sn (cyan) shows no segregation of Sn at or near nanowiie surface.
68
Figure 34. EDX concentration profile of Sn for different nanowires samples (a) with
different catalysts and growth conditions(b) at different step cool-down temperctures. The
highest Sn incorporation was observed at 230 “C.
69
Figure 35. EDX analysis of Gei-xSnx nanowires, performed in UCC. (a) Dark fi^ld
HAADF image and EDX mapping for Ge and Sn in a Gei-xSnx nanowire with 8.8 .% of Sn.
HAADF image with the uniform distribution of Ge and Sn and Sn rich catalyst is
confirmed from EDX mapping and also from EDX linescan in part (b). Part (c) shows the
composition of a Sn-rich tip for an Au-seeded nanowire with 6 % average Sn inclusion. 70
Figure 36: Morphological examination of alloy nanowires with SEM performec in UCC.
SEM images of catalyzed Gei-xSnx nanowires grown using 15 % of Sn containing solution
with: (a) Au (b) Auo.9oAgo.io catalysts. TEM image in (c) confirms the participation of
VLS growth mechanism with dark-contrast spherical seed at the tip of the nanovire with
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AuAg catalysts from precursor solution containing 15 % Sn. HAADF STEM image in the
inset confirms uniform nanowire diameter along the length with negligible tapering.
71
Figure 37. SEM image of nanowires grown without a foreign metal catalyst (Au or AuAg)
showing tapered nanowires with thicker top and thinner bottom sections, with 7.5 pL (15
%) of Sn precursor in the injecting solution performed in Tyndall National Institute.
Nanowires are much shorter than the Au or AuAg seeded growth after a 2 h growth time
with lower Sn incorporation (~ 3.5 %). Darkfield STEM image in inset shows the tapered
nature of the nanowires. Self-seeded growth of Gei-xSnx occurs near equilibrium. The
droplet volume expands during nanowire growth as the expansion of the Sn catalyst
droplet is much faster than the Sn incorporation rate from the seed to the nanowire.
Expansion in the volume of the Sn catalyst droplets during growth drives the tapering of
the nanowires. The combined effect of slow growth kinetics of the Ge nanowires from selfcatalytic Sn seeds and the continuous expansion of the triple-phase interface, due to a
constant Sn flux, encourages prominent tapering in the nanowires without any Au or AuAg
growth promoter.
72
Figure 38: Structural study of alloy nanowires with HRTEM and STEM performed in
UCC. (a) HRTEM image of highly crystalline Gei-xSnx nanowire (9.1 % Sn incoiporation).
FFT pattern in the inset confimis the crystallinity and growth orientation of the alloy
nanowire, (b) Lattice resolved STEM HAADF image recorded from the core of the alloy
nanowire showing the single crystalline nature with an inter-planer spacing of 0.31 nm. (c)
High resolution HAADF image of a seed-nanowire interface (magnified image in the inset)
shows abrupt catalyst-nanowire interface with no precipitation of metallic Sn.
74
Figure 39. GeSn nanowires with Sn composition of 6 % at temperatures from 80 K to
300 K. (a) PL spectra, (b) Bandgap energy, found as a center of mass of PL in plotted in
black and normalised integrated intensity plotted in red.
76
Figure 40. GeSn nanowires with Sn composition of 9.2 % at temperatures from 80 K to
300 K. (a) PL spectra, (b) Bandgap energy, found as a center of mass of PL in plotted in
black and normalised integrated intensity plotted in red.
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Figure 41.Types of distributed feedback laser: (a) laterely coupled'^^ (LC-DFB), (b)
corrugated ridge waveguide'^^(CRW)

86

Figure 42. Energy structure of InAs Qdash laser

88

Figure 43. Calculation of the coupling coefficient k, as a function of the most critical laser
design parameters affecting its value: (a) Schematic representation of the parameter w, that
was varied in the simulations determining the k dependence on the Bragg grating duty
cycle value. The Bragg grating period A has been fixed in order to determine the emission
wavelength of the laser to match the NH3 absorption line, centered at 1.982 pm. (b)
Typical modal profile of a laser emitting at 2 pm, obtained by our 2-D simulations for the
investigated sample, (c) k dependence on the ridge waveguide width, (d) k dependence on
the grating proximity to the ridge, (e) k dependence on the Bragg grating duty cycle.
91
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Figure 44. SEM images of the processing steps for the high-duty-cycle Bragg grating
optimisation: (a) Bragg grating etched using an RIE CH4-H2 process at low etch rate,
which enables very accurate control of the grating depth, (b) The grating sidewalls quality
improved after oxygen cleaning of the sample insight the RIE reactor after the etching was
completed, (c) Vertical sidewalls and the targeted duty cycle value were achieved after
optimising the e-beam lithography parameters and the CH4/H2 ratio during RIE etching, (d)
SEM confirmation that the spin-coated BCB dielectric penetrates into the 60-nm-wide
narrow trenches of the Bragg grating, (e), (f) Zoom-out cross-sectional SEM views at
different positions confirm the correct grating definition over the whole region covered by
the optimised high-duty-cycle Bragg gratings.
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Figure 45. Electroluminescence spectra of InAs Qdash material of on the example of
sample A.

94

Figure 46. Spectmm of sample A at 1=160mA (a) Continuous-wave(CW), (b)quasi- CW
operation (FF= 10%)
95
Figure 47. Sample B blue shift of spectral modes with increase of current performed at CW
operation at 15 °C.
96
Figure 48. Lasing spectra of Sample C at room temperature 1=100 mA. Sample has peak at
1985.6 nm with 37 dB SMSR. Insets show peak shift with temperature and threshold
current.
97
Figure 49. Lasing spectra of Sample D at room temperature at 1=120 mA. Sample has peak
at 1997.8 nm with 29 dB SMSR. Insets show peak shift with temperature and threshold
current.
98
Figure 50. NH3 (10cm, 1 bar, 20 °C) gas cell theoretical absorption spectrum versus
spectrum of sample D laser operating at 15 °C and 23 °C.

99

Figure 51. Phase matching conditions for DFG in PPLN with poiling period 20.9pm and
808nm pump laser.
101
Figure 52. a) Pump laser spectra; b) Phase matching conditions for DFG in PPLN with
poiling period 20.9 pm and 805 nm pump laser
102
Figure 53. Laser signal at 1328nm after nonlinear conversion. Electrical excitation pulse of
600mA and duty cycle 4%. Time resolution obtained with control of (a) electrical delay of
the pulse generator (b) optical delay of the pump laser beam
103
Figure 54. Down-converted spectrum of a laser at room temperature at I=600mA with
control of time axis by optical delay of the pump laser beam.
103
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Appendix A. Photoreflectance parameters.
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Figure A 1. k-p calculations of electron-hole wavefunction coupling and density ofstates (DOS) for sub-band
transition energies in (a) 40nm Ge quantum well with e=0.84 % biaxial tensile strain (b) 30nm Ge quantum
well with £=1.12 % biaxial tensile strain.
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Figure A 2. Calculated (a) a and (b) P Seraphin-Bottka coefficients in Ge at 80K and at 0 %, 0.8 % and
1.1 Vo biaxial tensile strain.
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